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 Chapter 1 
 
 
 
 
 
 
 
 
 
General Introduction 
  
2 
In this introductory chapter, the current malaria status in Africa and Ethiopia is described in 
section 1.1, followed by an overview of the epidemiology of malaria in Ethiopia in Section 1.2. 
The most frequently used control measures against malaria are presented in section 1.3. Some of 
these control measures, however, are jeopardized by insecticide resistance (section 1.4), or by the 
construction of large dams (section 1.5). These two impeding factors constitute the research 
topics of this thesis. 
1.1 MALARIA BURDEN IN AFRICA AND ETHIOPIA 
Malaria is a mosquito-borne disease that has afflicted humans for many thousands of years 
globally. Transmission of malaria occurs in Africa, parts of the Caribbean, Asia (South Asia, 
Southeast Asia and the Middle East) and the South Pacific (Figure 1.1). Malaria accounts for 
2.6% of the total global disease burden. In 2010, 3.3 billion people were at risk of malaria 
infection (WHO, 2011a) and 1.24 million people died of the disease worldwide (Murray et al., 
2012). It is endemic in 106 countries and is responsible for over 300 to 500 million clinical cases 
annually. Malaria also poses a risk to travelers and immigrants (WHO, 2005). Although many 
advances have been made in the treatment of malaria and in mosquito vector control, it remains a 
major public health issue resulting in decreased productive capacity and increased poverty. 
Acute febrile illness, anemia, chronic debilitation, complications in the course and outcome of 
pregnancy, and delays in cognitive and physical development are all linked to malaria and 
contributed to a heavy public health burden, which has a negative impact on the social and 
economic development of affected countries (Sachs and Malaney, 2002). Malaria is also viewed 
as a re-emerging disease causing the death of more people than before (Patz and Olson, 2006).  
Africa remains the region that has the greatest burden of malaria cases and deaths in the world. 
In Africa, malaria is the leading cause of under-five mortality (20%) and is responsible for 10% 
of the overall disease burden. It also accounts for 30 – 50% of inpatient admission and up to 50% 
of outpatient visits in areas of high malaria transmission. Sub-Saharan Africa is the most affected 
region accounting for an estimated 81% of malaria cases and 91% of deaths worldwide and most 
of these occur in children younger than 5 years and amongst pregnant women (WHO, 2011a). 
This region is also home to the most efficient species of malaria transmitting mosquito vectors. 
Moreover, many countries in Africa lack the infrastructure and resources necessary to mount 
sustainable campaigns against malaria (Yamey, 2004). 
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Figure 1.1 Map showing global malaria risk (Source: WHO, 2011a).                                                                
Ethiopia, officially the Federal Democratic Republic of Ethiopia, is a tropical country located in 
the Horn of Africa, between 3° and 14° North latitudes and between 33° and 48° East longitudes. 
It has a total area of 1.14 million km² with a great geographic diversity. The major portion of 
Ethiopia is covered by high and rugged mountains with deep gorges and river valleys, divided 
from southwest to northeast by the Great Rift Valley. Due to higher altitudes in most parts of the 
country, the physical and biotic environment is similar to that of temperate regions. However, the 
Rift Valley region has a hot and semi-arid climate, and is characterized by a more tropical flora 
and fauna. At an annual growth rate of around 3%, Ethiopia has a population of over 82 million, 
most of which are living in areas above 1800 m (CSA, 2005). 
In Ethiopia, malaria is one of the most ancient diseases known to people and is one of the most 
important health problems with 68% (nearly 52 million people) of the population at risk of 
malaria infection. Three-quarters of the total land mass is regarded as malarious and malaria is 
the most frequent cause of out-patient presentation (10–40%) and in-patient admission (13 – 
26%) nationwide with corresponding proportional mortality rates of 13-35% (MOH, 2008). It is 
second only to respiratory tract infections as a cause of death in children. Figure 1.2 shows the 
yearly malaria cases for the period 1990-2006 indicating that the incidence of malaria was high 
4 
in Ethiopia. However, in the past few years improved access and scaling up of malaria control 
interventions have contributed to a reduced burden of malaria disease in Ethiopia (Figure 1.3). In 
2010, the number of deaths for children younger than 5 years and for individuals 5 years or older 
was estimated to be 22,165 and 25,342, respectively (Murray et al., 2012) in Ethiopia. Every 
year about 4-5 million clinical cases are reported from health facilities and communities.  
Figure 1.2 Yearly malaria cases in Ethiopia (1990-2006) (Source: MOH, 2006a). 
 
Figure 1.3 Malaria death rate in Ethiopia (2003-2009) (Source: Jima, 2011). 
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5 
Ethiopia is among the most affected countries where malaria epidemics are common (Guthmann 
et al., 2007) and about 40% of the population lives in malaria epidemic areas. The distribution of 
malaria in Ethiopia is largely determined by altitude (Nega, 1991). In Ethiopia, areas below 2000 
meters are generally considered malarious while highland areas above 2000 m are malaria-free 
(Figure 1.4). At altitudes above 2000 m climatic conditions are not favorable for mosquito 
breeding and survival. However, reports indicate that malaria extends to highland fringes up to 
2500 m which were previously malaria-free, possibly due to climate change (Negash et al., 
2005). Malaria transmission is seasonal and unstable and mostly linked with the rainy seasons. 
The main transmission season follows the June-September rains and occurs between September 
and December while the minor transmission season occurs between April and May following the 
February-March rains. As the peak in malaria transmission occurs during the harvesting period 
of the year it has tremendous impact on the agricultural productivity and hence the economy of 
the country at large. 
 
 
Figure 1.4 Malarious areas (below 2,000 meters elevation) and malaria-free areas (above 2,000 
meters elevation) of Ethiopia (Source: MOH, 2006b). 
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1.2 MALARIA EPIDEMIOLOGY IN ETHIOPIA 
All four Plasmodium parasites are reported in Ethiopia. Plasmodium falciparum is the most 
dominant and important parasite species followed by P. vivax. These two species account for 
nearly 70% and 30% of all malaria infections, respectively (WHO, 2011a). However, the relative 
frequency of the two species varies according to locality and season (Yewhalaw et al., 2009). P. 
malariae accounts only for less than 1% of cases and P. ovale is rarely reported as well. P. 
falciparum is responsible for most, if not all, epidemics. It is considered the most severe and 
almost all deaths occur by infection from this parasite (MOH, 2005).  
Forty-two anopheline species have been recorded in Ethiopia (Covell, 1957; Melville et al., 
1945). Anopheles arabiensis is the principal malaria vector reported from many parts of the 
country while An. funestus, An. pharoensis and An. nili play a secondary role in malaria 
transmission (White et al., 1980; Abose et al., 1998). An. arabiensis belongs to the An. gambiae 
complex of sibling species. Members within the complex vary widely in their distribution 
(Figure 1.5), behaviour and malaria vector competence, with An. gambiae s.s and An. arabiensis 
being the most widespread major vectors of malaria in tropical Africa. Three other local vectors 
An. merus, An. melas and An. bwambae and the non-vectors An. quadriannulatus species A and 
B are also members of the complex (Gillies and Coetzee, 1987). Only two member species of the 
gambiae complex, An. arabiensis and An. quadriannulatus B are reported to exist in Ethiopia. 
An. quadriannulatus species B had been described as a new species from southwestern Ethiopia 
(Hunt et al., 1998). This species was reported to be zoophilic and exophilic and is assumed to 
have no role in malaria transmission in Ethiopia (Fettene et al., 2004). 
1.3 MALARIA CONTROL MEASURES 
There have been increasing global efforts towards the scaling up of malaria control to reduce 
transmission and move towards long-term goals of malaria elimination and global eradication 
(Feachem and Sabot, 2008). The major malaria intervention tools now include long-lasting 
insecticidal nets (LLINs), Artemisinin-based combination therapies (ACTs), indoor residual 
spraying of insecticides (IRS) and intermittent preventive treatment in pregnancy (IPTp). 
Insecticide treated nets (ITNs) and IRS have each been shown to be highly effective as malaria 
control methods (Yukich et al., 2008).  
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Figure 1.5 Geographical distribution of anopheline species belonging to the gambiae complex in 
Africa (Adapted from: Eiglmeier, 2004). 
1.4 INSECTICIDE RESISTANCE 
Malaria vector control in Africa relies principally on the use of insecticides that can be applied as 
an indoor residual deposit or can be used to treat mosquito nets and curtains. However, any long-
term vector control program based on repeated insecticide application may face, sooner or later, 
problems of insecticide resistance. Resistance is defined as the selection of heritable 
characteristics in an insect population that results in the repeated failure of an insecticide product 
to provide the intended level of control when used as recommended (IRAC, 2010). Resistance 
can be acquired through behavioural (avoid exposure to lethal doses) or physiological (survive 
exposure to lethal doses) actions. Physiological resistance is the most dominant type of resistance 
in insects and achieved by various resistance mechanisms which involve either mutation within 
the target site of the insecticide or an alteration in the rate of detoxification. One such important 
mutation in the target site occurs in the voltage-gated sodium channel gene: the insecticide no 
longer binds to its target and leads to decreased target site sensitivity (Brogdon & McAllister, 
1998). The reduced sensitivity of the voltage-gated sodium channel which is a target for 
pyrethroids and DDT, results in a resistance phenotype termed knockdown resistance (kdr).  
Ethiopia 
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Knockdown resistance results from a single nucleotide polymorphism in the domain II, segment 
6 of the sodium channel gene (Figure 1.6). Lucine (TTA) to Serine (TTT) and Leucine (TTT) to 
Phenylalanine (TCA) aminoacid substitutions at this position result in West African and East 
African kdr mutations, respectively, which confer resistance to DDT and/or pyrethroids in the 
African malaria vector An. gambiae s.s and An. arabiensis (Ranson et al., 2000). Another 
mutation of methionine to threonine, known as the super-kdr mutation, occurs between segment 
4 and segment 5 of domain II of the sodium channel gene and results in a much higher resistance 
than kdr. The super-kdr mutation is mostly occurring together with the kdr mutation  
Another target-site resistance mechanism is based on the insensitive acetylcholinesterase 
mutation, which leads to organophosphate and carbamate resistance. Further, a mutation in the 
GABA-gated chloride channel which leads to dieldrin resistance other than DDT has been 
described in different species of mosquitoes. 
Metabolic resistance, which acts by degradation of the active ingredient based on detoxification 
enzymes, has a tendency to be more versatile with regard to cross-resistance between insecticide 
classes. The following detoxification enzymes have been described to confer insecticide 
resistance in mosquitoes: esterases (ester bond hydrolysis and sequestration), cytochrome p-450 
dependent monooxygnases (oxidative metabolism) and glutathione S-transferases (conjugation 
and dehydrochlorination). 
 
Figure 1.6 Structure of voltage-gated sodium channel gene showing the position of kdr and 
super-kdr mutations in insects. (Source: Hemingway & Ranson, 2000). 
Insecticide resistance is reported in the major malaria vectors including 56 anopheline species 
(WHO, 1992). Insecticide resistance can directly and profoundly affect the re-emergence of 
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vector-borne diseases (Krogsad, 1996) and threaten disease control (WHO, 1992). Insecticide 
resistance development has been shown to have dramatic effects on the rate of disease 
transmission in certain areas that historically had achieved significant control through the use of 
indoor residual spraying. In South Africa, resurgence of malaria during the period 1996-2001, 
was shown to be associated with the emergence of pyrethroid resistance in the major malaria 
vector An. funestus (Hargreaves et al., 2000). Hence, resistance of mosquito vectors to 
insecticides continues to be a major challenge to roll back malaria by hindering effective malaria 
control program (Ahmed and Abdel-Hameed, 2004; WHO, 2011b). Genes conferring insecticide 
resistance have been spreading in malaria vector populations. Indeed, recent reports on malaria 
vectors in Africa confirm that resistance levels are increasing and that resistance is being 
recorded in new places (Ranson et al., 2011; Bulter et al., 2011). 
Malaria control interventions are being scaled up in Ethiopia to attain the Millennium 
development universal access and coverage targets with the aim to reduce and interrupt disease 
transmission. The prevention of malaria in Ethiopia has relied mainly on early diagnosis and 
treatment of infection as well as on the reduction of human-vector contact by indoor residual 
spraying (IRS) or insecticide treated bed nets (ITNs). IRS has long been the primary vector 
control strategy in Ethiopia and ITNs have been introduced throughout most endemic areas as a 
major malaria control strategy in 1998 (Jima et al., 2005). DDT had been and is still being used 
for IRS while pyrethroids are used to treat insecticide mosquito nets. Even though, few studies 
on insecticide susceptibility have been conducted in few areas in the past (Ameneshewa, 1995; 
Abose et al., 1998; Balkew et al., 2003) information on resistance is scarce in Ethiopia (Figure 
1.7) and was also restricted to standard discriminating dose bioassays which are not sensitive to 
trends in the evolution of resistance. Currently and to the best of our knowledge, no published 
data exist on the insecticide resistance status of malaria vectors and the resistance mechanisms 
involved in Ethiopia. 
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Figure 1.7 Sites in Africa reporting insecticide resistance (1950’s-2006) (Source: Coleman et al., 
2006).  
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1.5 ETHIOPIA: A CHANGING ENVIRONMENT 
Human-induced land use changes are the primary drivers of a range of infectious disease 
outbreaks and modify the transmission of infections (Patz et al., 2000). Dam building is one of 
the many human-induced land use changes which creates a new environment. Changing 
environments linked to dam building are accompanied by demographic changes. The 
demographic changes due to influx of people from disease endemic areas as construction or 
migrant laborers could alter human-vector-parasite contact patterns. The construction of dams 
also brings about major changes in the environment which results for instance in the availability 
of new breeding sites for the proliferation of malaria vectors. Thus, introduction of water 
resource development scheme(s) may increase the prevalence and/or incidence of vector-borne 
diseases and people living near such development projects (dams) are exposed to higher risk of 
the diseases.  
Ethiopia has built several mega dams for hydropower generation, irrigation and flood control. 
The rapid increase in the number of dams will have major implications on the transmission and 
epidemiology of diseases such as malaria. Among those hydropower dams is the Gilgel-Gibe 
dam. The development of the Gilgel Gibe hydropower dam results in potential gains but may 
also have some negative effects on the health of the local populations. The introduction of the 
dam may cause ecological transformations due to the creation of the reservoir, the water 
distribution system and drainage which can increase the number of breeding sites of malaria 
vector mosquitoes and their abundance and stretch their breeding season or perennial presence of 
high densities of local vectors. Hence, diseases such as malaria may change their transmission 
dynamics with a possible increase of the prevalence and/or incidence (Keiser et al., 2005). 
1.6 AIMS AND HYPOTHESIS OF THE STUDY  
Malaria remains an important disease in Ethiopia. The morbidity and mortality of malaria might 
further increase due to resistance of malaria vectors to insecticides, resistance of parasites to 
drugs and environmental changes. Due to the prolonged use of insecticides, not only in public 
health, but also in agriculture, the resistance status of the malaria vectors against insecticides that 
are commonly used for indoor residual spraying and/or for treating mosquito nets in malaria 
control program in Ethiopia could change. The work at hand aimed at exploring the level and 
distribution of insecticide resistance and resistance mechanisms involved in the major malaria 
vector An. arabiensis around Gilgel-Gibe hydropower dam area, southwestern Ethiopia. The 
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study further intended assessing the potential of public health use of insecticides in resistance 
selection.  
The Ethiopian malaria context could also be further complicated as mentioned by specific recent 
man-influenced environmental adaptations, such as the building of dams. Ethiopia is planning to 
build a number of new dams in the future, and has already built a substantial number. One such 
dam is the Gilgel-Gibe hydropower dam, located in southwestern Ethiopia. Generally, no study 
had been conducted on the impact of Gilgel-Gibe dam on malaria during or after the construction 
of the dam. The impact of this dam on the malaria prevalence was evaluated by comparing 
villages located close to the dam with villages further away from the dam with respect to 
malaria. In order to better understand whether distance from the dam had an effect on the 
knowledge and behavior of communities related to malaria, a study on knowledge, attitudes and 
health seeking behaviour of caregivers' was conducted as well. 
The specific aims of the study were: 
1. To determine the level and distribution of insecticide resistance in field populations of 
Anopheles arabiensis from Ethiopia to all classes of insecticides used in malaria vector 
control.  
2. To characterize the mechanism(s) conferring resistance in the Ethiopian An. arabiensis 
and determine their frequency.  
3. To assess the impact of Gilgel-Gibe hydropower dam on malaria. 
4. To assess the knowledge, perception and the health seeking behavior towards malaria of 
caregivers’ living near the Gilgel-Gibe hydropower dam towards malaria. 
5. To sketch the context of dam building in Ethiopia with a focus on potential health effects. 
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1.7 OVERVIEW OF THE RESEARCH SETTING 
The current study was conducted in localities/villages around Gilgel-Gibe hydropower dam area, 
southwestern Ethiopia (Figure 1.8). The Gilgel-Gibe hydropower dam is located in southwestern 
Ethiopia about 260 km from the capital, Addis Ababa in Jimma zone, Oromia Regional State. It 
is the largest hydropower dam in Ethiopia with an area of 52 km2 and power generating potential 
of 184 MW. The dam has become operational since 2004. Jimma zone is situated within 7o13’ to 
8o 55’ North latitude and 35o25’ to 37o37’ East longitude. It has 13 districts. The altitude of the 
area ranges from1500 to 2300 meter (m) and receives a bimodal rainfall. The main rainy season 
is from June to September. The mean annual rainfall is about 1250-1750 mm and mean annual 
temperature is between 18-25oC. Villages for this study were selected from the four districts 
(Kerssa, Tiro Afeta, Omo Nada and Sekoru) bordering the Gilgel-Gibe dam reservoir. About 
3,000 people were displaced from these districts and resettled in nine new villages in Kerssa 
district during the construction of the dam. All the selected study villages for this study were 
within the same agro-climatic zone at an altitude range of 1670-1864 m and had similar socio-
economic activity and socio-cultural condition. Crop production and livestock rearing is 
practiced by inhabitants. The main crops grown in the area are maize (Zea mays), sorghum 
(Sorghum bicolor), teff (Ergostus teff) and taro (Colocasia esculenta). The inhabitants of the 
study villages had access to health facilities and they were neither displaced nor resettled due to 
the introduction of the dam. Malaria is endemic in the area which was the case even before the 
introduction of Gilgel-Gibe dam. Moreover, similar malaria control methods were employed in 
all the study villages before and during the study. 
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Figure 1.8 Map of Ethiopia showing districts in Jimma zone, Gilgel-Gibe hydroelectric dam and 
study villages. 
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ABSTRACT 
The status of knockdown resistance (kdr) mutation was investigated in the major malaria vector 
Anopheles arabiensis Patton (Diptera: Culicidae) from Ethiopia. Among 240 mosquito samples 
from fifteen villages of southwestern Ethiopia that were screened by allele-specific polymerase 
chain reaction for kdr mutations, the West African kdr mutation (L1014F) was detected in almost 
all specimens (98.5%) whereas the East African kdr mutation (L1014S) was absent. Moreover, 
the mortality of An. arabiensis to diagnostic dosages of 4% DDT, 0.75% permethrin and 0.05% 
deltamethrin from bioassay results was 1.0%, 18.1% and 82.2%, respectively. We report here the 
highest kdr allele frequency ever observed in An. arabiensis and its implications in malaria 
vector control in Ethiopia are discussed.   
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2.1 INTRODUCTION 
Resistance of mosquitoes to insecticides is defined as the repeated failure of the insecticide to 
achieve the expected level of control when used according to the label recommendations for the 
target species. Frequent application of the same insecticide will select for those individuals in a 
population that are able to survive due to their genetic characteristics. Selection pressure will 
lead to the establishment of resistant population. In most cases resistance to one insecticide can 
affect the efficacy of other insecticides within the same insecticide class (cross-resistance) or 
between different insecticide classes (multiple resistance). The availability of only a limited 
number of effective insecticides for public health use is also a problem in resistance selection 
pressure. Only four chemically different classes of insecticides are available for adult mosquito 
control to date: organochlorines, organophosphates, carbamates and pyrethroids (Zaim and 
Guillet, 2002). The four insecticide classes act on two different molecular target sites in the 
insect nervous system. Their biochemical mode of action involves interface with only a single 
physiological process agonizing cholinergic nerve transmission in the insect centeral nervous 
system leading to over excitation and death. Organophosphates and carbamates both inhibit 
acetylcholinestrase, an enzyme of crucial importance in terminating nerve pulses by cleaving the 
natural neurotransmitter acetylcholine, while DDT and pyrethroids modulate voltage-gated 
sodium channels resulting in rapid knockdown properties (Khambay, 2002).  
In Ethiopia, the control of malaria relies on early diagnosis, effective treatment of malaria 
patients, vector control by indoor residual spraying (IRS) and large-scale distribution of 
insecticide-treated nets (ITNs) or long lasting insecticide nets (LLINs) (MOH, 2005). DDT was 
and is still the primary agent used for IRS whereas pyrethroids are used to treat mosquito nets. 
Anopheles arabiensis is the most important malaria vector in south-western Ethiopia (White et 
al., 1980). Insecticide resistance to DDT and permethrin in An. arabiensis has been reported 
from different parts of Ethiopia (Abose et al., 1998; Balkew et al., 2003). An important 
mechanism that is associated with both DDT and pyrethroid resistance is knockdown resistance. 
In the voltage-gated sodium channel gene, mutations associated with knockdown resistance have 
been found in many insects. Voltage-gated sodium channels are the target for both pyrethroid 
insecticides and DDT. These insecticides alter the function of the sodium channels in nerve 
membrane. The voltage-gated sodium channel is an ion channel which is a transmembrane 
protein complex that forms a water filled pore across the lipid bilayer through which specific 
inorganic ions diffuse down their electrochemical gradients. It mediates the increase in sodium 
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permeability during the initial rapidly rising phase of the action potential in excitable tissues. The 
sodium channel gene has four homologous repeated domains (I to IV) with a circular radial 
arrangement. Each domain consists of six putative transmembrane helical segments. In 
Anopheles gambiae s.s. two mutations at the domain II of the voltage-gated sodium channel gene 
have been associated with resistance to DDT and pyrethroids (Martinez-Torres et al., 1998; 
Ranson et al., 2000). The first mutation, West African kdr (L1014F) involves a nucleotide 
change resulting in the substitution of leucine residue (TTA) to a phenylalanine (TTT). This 
mutation is widespread in West Africa at variable frequencies (Fanello et al., 2003; Yawson et 
al., 2004). The second mutation, East African kdr (L1014S), consists of a leucine (TTA) serine 
(TCA) substitution at the same codon and was originally described in Western Kenya (Stump et 
al., 2004; Ranson et al., 2000). The presence of both East and West African kdr mutations in An. 
gambiae s.s populations has been reported from different countries in Africa (Pinto et al., 2006; 
Verhaeghen et al., 2006). The geographic restriction of both mutations is less definite than 
previously thought (Kulkarni et al., 2006).  
The two mutations, West and East African kdr in the major malaria vector An. arabiensis, have 
not been described yet in Ethiopia. Therefore, in the present study the occurrence of the kdr 
mutation and its allele frequency were determined in An. arabiensis population from Ethiopia. 
Such information is essential in the light of the ongoing efforts to scale up the use of LLINs in 
Ethiopia. 
2.2 MATERIALS AND METHODS 
2.2.1 Study area  
The study was conducted in the framework of a longitudinal study on malaria incidence and 
transmission in the surroundings of the Gilgel-Gibe hydroelectric dam, southwestern Ethiopia. 
This study showed that children living near the man-made reservoir (within 3 km from dam, 
designed as ‘high-risk’ villages) were at higher risk of malaria compared to those living farther 
away (5-8 km from dam, designed as ‘low-risk’ village) (Yewhalaw et al., 2009). The study area 
lies between latitudes 7°42’50’’N and 07°53’50’’N and between longitudes 37°11’22’’E and 
37°20’36’’E, at an altitude of 1,671-1,864 m above sea level. The area has a sub-humid, warm to 
hot climate, with a mean annual rainfall between 1,300 and 1,800 mm and a mean annual 
temperature of 19°C. The primary economic activity of communities in both groups of villages is 
subsistence farming. Vector control intervention in the study area is similar to other parts of the 
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country relying on IRS using DDT and insecticide treated nets (ITNs/LLINs) distributed through 
both the public and private sector.  
2.2.2 Mosquito collection 
Adult female anopheline mosquitoes were collected from houses located in fifteen study villages 
from September to October 2008 by hand capture collection of indoor resting mosquitoes (IRCs) 
using oral aspirators (WHO, 1975). Identification of collected mosquitoes was carried out 
morphologically using the standard keys (Gillies and Coetzee, 1987). Mosquitoes were 
individually preserved in Eppendorf tubes over silica-gel for further molecular assays.   
2.2.3 DNA extraction, molecular identification and detection of kdr alleles 
DNA extraction from mosquitoes was carried out individually applying the procedure described 
elsewhere (Collins et al., 1987). DNA was re-suspended in 25 ml sterile TE-buffer (10 mM Tris–
HCl pH 8, 1 mM EDTA). The members of the An. gambiae complex were identified molecularly 
using polymerase chain reaction (PCR) techniques including the primers for An. gambiae s.s., 
An. arabiensis, An. quadriannulatus A and B (Hunt et al., 1998). The protocol used for the 
detection of the West and East African kdr alleles was adapted from established protocols 
(Martinez-Torres et al., 1998; Ranson et al., 2000; Verhaeghen et al., 2006). Sequencing of the 
fragment of the domain II of the voltage-gated sodium channel gene of at least one specimen per 
genotype was performed from amplified products obtained with primers Agd1 and Agd2 to 
confirm the genotyping done by the allele-specific PCR. The PCR products were sequenced by 
Genoscreen (Lille France). Deviation from Hardy-Weinberg equilibrium and population 
differentiation was tested using Genepop 3.4 exact tests (Raymond and Rousset, 1995). 
 2.2.4 Bioassays 
Bioassays were done on wild-caught adult An. gambiae s.l. collected by indoor resting catches 
from the same study area in August 2009. Standard WHO susceptibility test procedure were 
done (WHO, 1998), using permethrin 0.75%, DDT 4% and deltamethrin 0.05% at discriminating 
concentrations. On average, 20 batches of mosquitoes in five replicates were exposed in test kit 
tubes for one hour against DDT and deltamethrin (four replicates for permethrin) and 
knockdown was recorded at the end of the exposure period. Equal number of mosquitoes was 
exposed to untreated papers impregnated with oil to serve as a control. Mortality was recorded 
24 hour post-exposure. As insects in the same tube share common “tube-related” characteristics, 
we included “tube” as a clustering effect in the calculation of the confidence intervals for the 
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mortalities. The clustering effect was taken into account by using the Taylor series linearization 
variance estimation for complex survey data by using the svy: commands in the Stata 11 
software. 
2.3 RESULTS  
Of the 284 An. gambiae s.l collected (September to October, 2008), 265 were molecularly 
identified as An. arabiensis (Figure 2.1). An. gambiae s.s and An. quadriannulatus were not 
detected and DNA of nineteen specimens could not be amplified. In total, 240 An. arabiensis 
could be scored for both the West (L1014F) (Figure 2.2) and East (L1014S) African kdr alleles. 
No East African kdr mutation was detected, whereas the allele frequency of the West African kdr 
mutation rose up to 98.5% (Table 2.1). The West African kdr mutation was found in each of the 
fifteen study villages. The kdr homozygous genotype occurred with a very high frequency in 
both groups of villages (96.75% in ‘high-risk’ and 99.15% in ‘low-risk’ villages). No significant 
differences in West African kdr allele frequency was observed among the study villages 
(p=0.086) nor between the ‘high-risk’ and ‘low-risk’ groups (p=0.452). A deviation from the 
Hardy-Weinberg equilibrium was found in both the ‘low-risk’ (p=0.004) and ‘high-risk’ 
(p=0.041) groups. 
Table 2.1 Frequency of West African kdr mutation (L1014F) among wild populations of 
Anopheles arabiensis from southwestern Ethiopia. 
Type of 
village 
Number of 
villages 
Number of 
mosquitoes tested 
Homozygote 
mutation 
Heterozygote Homozygote 
wild type 
kdr allele 
frequency 
Low risk 7 117 116 0 1 0.992 
High risk 8 123 119 3 1 0.980 
Overall 15 240 235 3 2 0.985 
 
The sequencing confirmed the genotyping by allele-specific PCR and sequences were deposited 
in gene bank with the following accession numbers: homozygote (L1014F) GU248311, 
heterozygote GU248312, and homozygote wild type GU248310 (Figure 2.3). 
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Figure 2.1 Species-specific identification of An. gambiae s.l.: Lane 1, Lane 2, Lane 3, Lane 4, 
Lane 6, Lane 7 and Lanes 10-15: Sample specimens (An. arabiensis = 315 pb); Lane 9: 100 bp 
ladder; Lane 16 and 17: negative controls. 
 
Figure 2.2 PCR products obtained by AS-PCR using Agd3 primer: Lane 1, Lane 3, Lane 4, Lane 
5, Lane 6, Lane 7, Lane 8: (positive controls); Lane 9: 100bp ladder; Lane 10-15: homozygote 
resistant specimens (RR) Lane 16: heterozygote specimen (RS); Lane 17: negative control. 
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Figure 2.3 Sequence alignment of the para-type sodium channel protein gene in homozygote 
resistant (RR), heterozygote (RS) and homozygote wild type (SS) specimens of An. arabiensis 
from Ethiopia. (Differences are indicated by box). 
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Anopheles gambiae s.l. was highly resistant against DDT 4% and permethrin 0.75% with 
mortality of 1% and 18%, respectively. The mortality rate in the deltamethrin treated group was 
82% with 71.96% knockdown at 60 minutes (Table 2.2). 
Table 2.2 Mortality rate and knockdown in field populations of Anopheles arabiensis for the 
different insecticides, southwestern Ethiopia. 
Insecticides Number of 
mosquitoes tested 
% knockdown at 60 
minutes [95% CI] % mortality [95% CI] 
DDT (4%) 100 0% [0-4.3]* 1.0[0.9-2.9] 
Permethrin (0.75%) 83 0% [0-3.6]* 18.1[0.5-35.7] 
Detltamethrin (0.05%) 107 71.96%[65.1-78.8] 82.2[77.2-87.3] 
* = exact binomial confidence interval 
2.4 DISCUSSION 
 In the present study, the major malaria vector An. arabiensis from southwestern Ethiopia was 
screened for both East and West African kdr. A very high frequency of the West African kdr 
mutation was observed which contrasts with the observations in other African countries for this 
species. Knockdown resistance was absent in An. arabiensis from Mali (Fanello et al., 2003) and 
Cameroon (Chouaibou et al., 2008) whereas the West African kdr mutation (L1014F) was 
reported in An. arabiensis from Burkina Faso (Diabate et al., 2004), Tanzania (Kulkarni et al., 
2006), and Sudan (Matambo et al., 2007; Abdalla et al., 2008), at very low frequencies. In the 
current study, no East African kdr mutation was observed. The East African kdr (L1014S) 
mutation was found for the first time in An. arabiensis from Uganda (Verhaeghen et al., 2006).  
The current high frequency of West African kdr mutation observed in An. arabiensis populations 
of southwestern Ethiopia may be attributed to the long intensive use of DDT in indoor residual 
spraying by the malaria vector control program and or by the illegal extensive use of DDT for 
the control of pests of kat (Katha edulis) and green pepper (Capsicum annuum) crops and also 
for the control of storage pests of maize (Zea mays) and sorghum (Sorghum bicolor) in the study 
area (Yewhalaw pers. obs.). Moreover, the use of pyrethroids as aerosol for control of household 
pests and vectors could also be implicated to the observed selection of high level of kdr 
resistance (Chandre et al., 1999). 
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The observed high kdr frequency in Ethiopia might result in a phenotypic resistance as defined 
by World Health Organization. The bioassays using the discriminating concentration of 
permethrin 0.75%, DDT 4% and deltamethrin 0.05% indicate that the population was highly 
resistant especially to DDT and permethrin (99% and 81.9%, respectively). The observed 
resistance was higher than reported from eastern Ethiopia (around 30% survival for DDT 
(Ameneshewa, 1995; Balkew et al., 2003) and 25% for permethrin (Balkew at al., 2003) and 
from south and southwestern Ethiopia (Abose et al., 1998) (70% or lower survival for DDT). In 
South Africa, lower survival of An. arabiensis (37%) for DDT was also detected 24 h post-
exposure (Hargreaves et al., 2003). The mortality level for deltamethrin (82.2%) also suggests 
resistance despite the fact that deltamethrin is not yet used for indoor residual spraying in the 
malaria control program in Ethiopia. However, the lower resistance of An. arabiensis to 
deltamethrin may be attributed to the large-scale distribution of LLINs (PermaNet®) by the 
Ministry of Health throughout the country (20 million LLINs were distributed between 2005 and 
2007) and/or could result from cross-resistance to DDT. 
The West African kdr mutation is closely associated with DDT and pyrethroid resistance in the 
major malaria vector An. gambiae s.s. and is considered to be the cause of the resistance 
genotype (Brooke, 2008). However, kdr may not always have a significance to control 
interventions and the protective efficacy of nets may remain high (Chandre et al., 2000; Asidi et 
al., 2005; Henry et al., 2005). In contrast, a study conducted in Benin showed that high frequency 
of West African kdr correlates to reduced efficacy of pyrethroid-based vector control efforts 
using insecticide-treated nets and indoor residual spraying (N’Guessan et al., 2007). Moreover, 
other resistance genes co-occurring with kdr may considerably increase the level of insecticide 
resistance (Chouaibou et al., 2008; Williamson et al., 1996). 
The high incidence of kdr resistance highlighted in the current study may call for initiating 
programs designed to monitor the distribution and spread of this resistance and study the 
operational implications of the observed kdr frequency. This information is needed to guide 
further the use of insecticides in malaria control programs and vector resistance management 
interventions such as the need for alternatives to the currently used DDT and 
permethrin/deltamethrin for IRS and treatment of mosquito nets, respectively. 
In conclusion, our study represents the first evidence of the occurrence of high frequency of the 
kdr allele in An. arabiensis. The impact of the resistance on the efficacy of DDT and pyrethroids 
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on vector control interventions in Ethiopia should be further investigated. It is also imperative to 
evaluate the status of kdr resistance throughout the country in order to implement vector control 
strategies designed to manage insecticide resistance. 
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ABSTRACT 
Indoor Residual Spraying (IRS), insecticide-treated nets (ITNs) and long-lasting insecticidal nets 
(LLINs) are key components in malaria prevention and control strategy. However, the 
development of resistance by mosquitoes to insecticides recommended for IRS and/or 
ITNs/LLINs would affect insecticide-based malaria vector control. We assessed the 
susceptibility levels of Anopheles arabiensis to insecticides used in malaria control, 
characterized basic mechanisms underlying resistance, and evaluated the role of public health 
use of insecticides in resistance selection. Susceptibility status of An. arabiensis was assessed 
using WHO bioassay tests to DDT, permethrin, deltamethrin, malathion and propoxur in 
Ethiopia from August to September 2009. Mosquito specimens were screened for knockdown 
resistance (kdr) and insensitive acetylcholinesterase (ace-1R) mutations using AS-PCR and PCR-
RFLP, respectively. DDT residue level in soil from human dwellings and surrounding 
environment was determined by Gas Chromatography with Electron Capture Detector. An. 
arabiensis was resistant to DDT, permethrin, deltamethrin and malathion, but susceptible to 
propoxur. The West African kdr allele was found in 280 specimens out of 284 with a frequency 
ranged from 95% to 100%. Ace-1R mutation was not detected in all specimens scored for the 
allele. Moreover, DDT residue was found in soil samples from human dwellings but not in the 
surrounding environment. The observed multiple-resistance coupled with the occurrence of high 
kdr frequency in populations of An. arabiensis could profoundly affect malaria vector control 
programme in Ethiopia. This needs an urgent call for implementing rational resistance 
management strategies and integrated vector control intervention.  
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3.1 INTRODUCTION 
Indoor Residual Spraying (IRS), insecticide-treated nets (ITNs) and long-lasting insecticidal nets 
(LLINs) are pillars in malaria prevention and control strategy in Ethiopia and are being used on a 
large scale. IRS has been in use for more than four decades (Biscoe et al., 2004) and DDT 
(organochlorine) remains the insecticide of choice for IRS followed by malathion 
(organophosphate) with a limited application as an alternative insecticide in the country. 
Currently, DDT is being formulated and applied in Ethiopia for public health use only (WHO, 
2009). Each year, more than one million houses are sprayed in about 5,000 localities of the 
country protecting about five million people from the risk of malaria (RBM, 2004). On average, 
from 2000 to 2005, 273,787 kg/year of DDT (75% WP) was sprayed (Sadasivaiah et al., 2007) 
An average of 31,638 kg/year of malathion was also used in IRS from 2003 to 2005 by national 
malaria control programme of Ethiopian (G. Tesfaye personal communication). The IRS 
coverage also increased from 17% in 2005 (CSA, 2006) to 20% in 2007, targeting 4.2 million 
households (Jima et al., 2010). The use of ITNs was also adopted by Ethiopia in 1997/1998 with 
the support of World Health Organization (WHO) in selected malarious areas (Jima et al., 2005). 
In 2000, the overall coverage of ITNs was 1-2% (CSA, 2001) and reached 6.4% in 2005 (CSA, 
2006). The distribution of ITNs/LLINs scaled up to almost 20 million between 2006 and 2008 
targeting 40 million people at risk (WHO, 2009). WHO and other public health organizations 
emphasized the use of pyrethroid-impregnated bed nets for malaria control (Zaim and Guillet, 
2002), and WHO has also been promoting the use or reintroduction of DDT for IRS (Schapira, 
2006; Weissman, 2006; WHO, 2006). 
However, resistance of mosquito vectors to insecticides is one of the major challenges facing 
malaria vector control programme (Ahmed and Abdel-Hameed, 2004; WHO, 2007). Particularly, 
the development of resistance to pyrethroid and DDT by Anopheles gambiae s.s and An. 
arabiensis, the two major malaria vectors in Africa, is a threat to the vector control programme. 
Studies done in sub-Saharan Africa showed wide spread resistance of DDT and pyrethroid in the 
populations of An. gambiae s.s (Diabate et al., 2004; Etang et al., 2006; Tripet et al., 2007) and 
An. arabiensis (Himeidan et al., 2007; Abdalla et al., 2008). Likewise, organophosphate and 
carbamate resistance were documented in An. arabiensis (Hemingway, 1983; El Gadal et al., 
1985; Casimiro et al., 2006) and An. gambiae s.s (N’Guessan et al., 2003; Weill et al., 2003; 
Corbel et al., 2007; Ranson et al., 2009).  
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In Ethiopia, An. arabiensis, the most important malaria vector in the country (Tulu. 1993), is 
strongly resistant to DDT and pyrethroids (Abose et al., 1998; Balkew et al., 2003; Yewhalaw et 
al., 2010). Furthermore, West African knock down resistance (kdr) with allelic frequency of 
98.5% was reported in population of An. arabiensis from southwestern Ethiopia (Yewhalaw et 
al., 2010). Nevertheless, the susceptibility levels of population of An. arabiensis to alternative 
insecticides, the association of the reported high kdr frequency with the resistance phenotype, 
and the occurrence of other possible mechanisms of resistance are poorly understood. Besides, 
there is no documented data on the relative impact of public health use of insecticides (especially 
DDT) in resistance development.  
In this study, we investigated susceptibility status of malaria vectors to DDT, pyrethroids, and 
alternative insecticides (organophosphates and carbamates), possible resistance mechanisms (kdr 
and modified acetylcholinesterase mutations) involved in insecticide resistance, the association 
of kdr mutation with resistance phenotype, and the role of public health use of insecticides on the 
development of resistance in populations of An. arabiensis.  
3.2 MATERIALS AND METHODS 
3.2.1 Study area  
The study was conducted in the framework of a longitudinal study on malaria incidence and 
transmission in two groups of villages found in four districts (Omo Nada, Kerssa, Tiro Afeta and 
Sokoru) surrounding the Gilgel-Gibe hydroelectric dam, southwestern Ethiopia. Villages which 
are within 3 km distance from the dam were considered as ‘high-risk’ for malaria whereas 
villages 5-8 km away from the dam were assigned as ‘low-risk’ villages. Detailed description of 
the selection process of the study villages was described elsewhere (Yewhalaw et al., 2009). The 
study area lies between latitudes 07°42’50’’N and 07°53’50’’N and between longitudes 
37°11’22’’E and 37°20’36’’E, at an altitude of 1,671-1,864 meter above sea level. It has a sub-
humid, warm to hot climate with a mean annual temperature of 19°C and mean annual rainfall is 
between 1,300 and 1,800 mm. Malaria transmission in the area is unstable and seasonal. Malaria 
vector control intervention, in the study area, is similar to other parts of the country relying on 
IRS with DDT and use of ITNs/LLINs. The primary economic activity of communities in both 
groups of villages is subsistence farming. 
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3.2.2 Mosquito collection, identification and bioassays 
Anopheline mosquito larvae were collected by dipping from a range of breeding sites (road 
puddles, brick pits, pools, marshes, streams, surface water harvest, ditches, dam reservoir shore, 
pits dug for plastering traditional tukuls, and pits dug for pot making) in the two groups of 
villages (‘low risk’ and ‘high risk’) during the wet season from July to September 2009 (Figure 
3.1). The larvae were reared to adults in the field laboratory at Asendabo Health Centre, 
southwestern Ethiopia, under standard conditions (25 ± 2oC, 80% ± 4% (Relative Humidity). 
Two to three days old, non blood-fed female mosquitoes were selected and exposed to 
insecticide impregnated papers with discriminating concentrations of DDT (4%), permethrin 
(0.75%), deltamethrin (0.05%), malathion (5%) and propoxur (0.1%) using WHO standard 
assays (WHO, 1998) (Figure 3.2). The insecticide impregnated and control papers were obtained 
from the WHO collaboration Centre, Vector Control Research Unit, School of Biological 
Sciences, Penang, Malaysia. Batches of 20-24 mosquitoes in five replicates were exposed in test 
kit tubes for all bioassays for one hour against the four classes of insecticides and knockdown 
was recorded at 10, 15, 20, 30, 40, 50, and 60 minutes. Equal numbers of mosquitoes were 
exposed to the corresponding control papers impregnated with resila oil (organochlorine control), 
olive oil (organophosphate/carbamate control), and silicone oil (pyrethroid control). After one 
hour, mosquitoes were transferred into holding tubes and provided 10% sucrose solution with 
cotton pads. Mortality was recorded after 24 hours of exposure. Likewise, a strain of An. 
arabiensis from Malaria Training Centre, Nazareth, Ethiopia that has been maintained in the 
laboratory without exposure to insecticides for over 30 years was exposed to the insecticide 
papers as reference. The identification of mosquitoes was conducted morphologically as An. 
gambiae s.l using a standard key (Gilles and Coetzee, 1987). Mosquitoes both dead and alive 
were individually preserved in Eppendorf tubes over silica-gel for further molecular assays. 
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Figure 3.1 Mosquito larvae collection from different mosquito breeding habitats for insecticide 
bioassay, southwestern Ethiopia. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2 Insecticide bioassay test on adult mosquitoes at Asendabo Field Vector Biology 
Laboratory, southwestern Ethiopia.  
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3.2.3 DNA extraction, molecular identification, kdr and ace-1R mutations detection 
Sub-samples of mosquitoes killed and surviving the bioassays were randomly selected per 
village group, locality and insecticide tested using STATA 11 software (STATA Corp, College 
Station, TX). Genomic DNA extraction from these sub-samples of alive and dead mosquitoes 
was carried out by using the procedure described in Collins et al. (1987). DNA was re-suspended 
in 25 ml sterile TE-buffer (10 mM Tris–HCl pH 8, 1 mM EDTA). Molecular identification of 
An. gambiae s.l was carried out using polymerase chain reaction (PCR) techniques including the 
primers for An. gambiae s.s., An. arabiensis and An. quadriannulatus A and B following the 
method used by Hunt et al. (1998) and adapted as described in Yewhalaw et al. (2010). The 
protocol used for the detection of the West African kdr (L1014F) and East African kdr (L1014S) 
alleles by allele-specific polymerase chain reaction assay (AS-PCR) was adapted from 
established protocols (Martinez-Torres et al., 1998; Ranson et al., 2000; Verhaeghen et al., 
2006). Assays were also conducted on mosquitoes exposed to malathion and propoxur to detect 
the presence of insensitive acetylcholinesterase mutations (ace-1R or G119S) using polymerase 
chain reaction restriction fragment length polymorphism diagnostics (PCR-RFLP) following the 
methods described in Weill et al. (2004) and modified by Djogbenou et al. (2008). Samples of 
specimens from the laboratory strain of An. arabiensis from the Malaria Training Centre, 
Nazareth, Ethiopia were assayed as well to detect the presence of kdr and ace-1R mutations.  
3.2.4 Soil sample collection and preparation  
From August to September 2009, indoor and environmental soil samples were collected from 
seven study villages (4 ‘high risk ‘villages, 2 ‘low risk’ villages, and one control village). Indoor 
residual spraying of DDT has been done in both ‘high risk’ and ‘low risk’ villages but with 
irregularities in ´low risk` villages. The indoor soil samples were taken from wall and floor 
surfaces of houses in which monthly mosquito collections were conducted from 2007 to 2009 for 
the longitudinal malaria incidence and transmission study. In each house, 6 samples (3 from the 
wall, and 3 from the floor surfaces) were taken according to the following procedure. A wooden 
plate of 20 cm x 20 cm, and 30 cm x30 cm was prepared to measure the surface area of the wall 
and the floor, respectively. The three sampling points, on the wall, were at equal distance from 
each other and at the middle of the height of the wall. These sampling points were measured and 
indicated with a marker. Similarly, sampling points on the floor were measured and indicated. 
The two sampling points were nearly at the center of the floor of the living room and bed room, 
and the third was adjacent to the wall of the living room. Surface soil layer from these sampling 
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points (3 x 400 cm2 of the wall, and 3 x 900 cm2 of the floor) were scrapped off at a depth of 0.5 
cm using a blade adjusted to 0.5 cm. The amount of soil taken from the floor was greater than the 
wall because it was supposed that there would be less DDT on the floor than on the wall sample 
as residents clean the floor surface at least once per day and frequently plaster the floor with 
cow's dung. Moreover, three environmental soil samples were taken at 15 m distance from the 
house in three directions with approximately equal angles between each other at a depth of 1-2 
cm using a shovel. In between each sampling, the blade and the shovel were washed with water 
and dried with soft paper before next use. Soil samples collected from a village in Tiro Afeta 
district with no history of IRS were used as control samples.  
The collected soil samples were prepared for further sub-sampling. Samples from the three 
sampling points of the wall were mixed and made as one composite sample in a plastic bag, and 
the same was done for the floor and environmental soil samples. Each of the composite samples 
was coded and weighed. The samples were air dried, grinded and sieved with 1 mm mesh size 
sieve. Then, 50 gram sub-sample was taken from each of these homogenized soil samples and 
kept in a refrigerator until analysis.   
3.2.5 DDT extraction and analysis  
DDT extraction and analysis was done at the Department of Crop Protection Chemistry, Faculty 
of Bioscience Engineering, Ghent University, Belgium. Liquid phase extraction of DDT was 
done using n-hexane and analysed by Gas Chromatography with electron capture detector 
(Agilent Technologies 6890N). Samples of 1 µl were injected using an auto sampler equipped 
with 10 µl size syringe in to capillary inlet with a glass liner in the split mode. The column was a 
HP-5 MS 5% phenyl Methyl Siloxane coated capillary column (30 m length and 250 µm internal 
diameter). The inlet temperature was set at 280 °C and the detector at 320 °C. Helium and 
Nitrogen were used as a carrier and make up gas, respectively. This method was validated for all 
parameters such as the linearity of the standard series, recovery, and repeatability. The limit of 
detection and limit of quantification of the instrument was 0.000036 µg/ml and 0.00012 µg/ml, 
respectively. The standard DDT with 97.2% purity was obtained from Supelco in USA delivered 
by Sigma-Aldrich logistic Gmbh, Germany.   
3.2.6 Statistical analysis 
Data were analysed using descriptive and inferential statistics. Fifty and ninety five percent 
knockdown times (KDT50 and KDT95) were computed using logistic regression models using 
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STATA 11 software (STATA Corp, College Station, TX). Fisher’s Exact Test was employed to 
determine the difference in mosquito mortality rates between the two groups of villages for each 
insecticide treatment, test the association between kdr genotype and resistance phenotype, and to 
test deviation from Hardy-Weinberg equilibrium and population differentiation. As insects in the 
same tube share common “tube-related” characteristics, we included “tube” as a clustering effect 
in the calculation of the confidence intervals for the mortalities. The clustering effect was taken 
into account by applying the Taylor series linearization variance estimation for complex survey 
data using svy: commands in the STATA 11 software (STATA Corp, College Station, TX). 
Moreover, t-test was used to determine the significance of the difference between the mean 
concentration of DDT on the walls, and floors of houses sprayed in June 2008 and 2009 
consecutively, and those sprayed in June 2008.  
3.3 RESULTS  
 3.3.1 Resistance spectrum 
Overall, 2,651 adult mosquitoes reared from larval collections from both groups of villages (´low 
risk` and ´high risk`) were identified morphologically as An. gambiae s.l. Of these, 2024 
mosquitoes were exposed (220-222 individuals per insecticide) to the discriminating doses of 
DDT (4%), permethrin (0.75%), deltamethrin (0.05%), malathion (5%) and propoxur (0.1%). 
Field populations of An. gambiae s.l from both groups of villages showed resistance to DDT, 
permethrin, deltamethrin, and malathion. In contrast, these mosquitoes were highly susceptible to 
propoxur with a mortality rate of 99.5% in ‘low risk’ and 100% in ‘high risk’ villages within 60 
minutes of exposure (Table 3.1). Difference in mosquito mortality rates between the two groups 
of villages for each insecticide treatment was not significant (p > 0.05). Whereas, mortality in the 
laboratory strain of An. arabiensis was 100% to all the five tested insecticides. With DDT and 
permethrin no knockdown was observed within 60 minutes of the exposure period. The KDT50 
values
 
for deltamethrin were also high and similar in mosquito samples from both groups of 
villages (47.7 min for ‘low risk’ and 43.5 min for ‘high risk’). The KDT50 and KDT95 for the 
laboratory strain of An. arabiensis for DDT, permethrin and deltamethrin was 23.7 and 38.2, 
17.2 and 24.1, and 16.8 and 25.2 minutes, respectively (data not shown).  
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Table 3.1 Mortality rate and knockdown in field populations of Anopheles arabiensis exposed to 
discriminating concentrations of 5 insecticides in Gilgel Gibe dam area, southwestern Ethiopia. 
 
3.3.2 Mosquito identification, kdr and ace-1R mutations 
All of the 463 An. gambiae s.l specimens randomly drawn from dead and alive individuals 
exposed to insecticide impregnated papers were molecularly identified by PCR as An. arabiensis. 
Of this, 284 and 176 mosquito specimens were molecularly screened for kdr and ace-1R, 
respectively. The L1014F-kdr allele was present in 280 (137 alive and 143 dead) specimens, and 
the remaining 4 specimens did not give results with the assay. The L1014S-kdr was not detected 
in the tested mosquito specimens from both groups of villages. The majority (96.4%) of the 
tested individuals were homozygous (RR) and 3.6% were heterozygous (SR) for L1014F-kdr 
allele. Allelic frequencies of L1014F-kdr in both alive and dead mosquito specimens from both 
groups of villages were in the range of 95-100% (Table 3.2). There is no evidence for the 
presence of association between the kdr genotype and resistance phenotype for DDT, permethrin, 
and deltamethrin and permethrin and deltamethrin in mosquito specimens from ‘low risk’ and 
‘high risk’ villages, respectively (p > 0.05) but test of association between kdr genotype and 
resistance phenotype could not be estimated for DDT in the ‘high risk’ village since dead 
specimens from DDT bioassay were not included in genotyping. The observed genotype 
frequencies in this population of mosquitoes did not deviate from the expected genotype 
frequencies predicted by the Hardy-Weinberg equilibrium (χ2 = 0.093, p = 0.76). Out of the 176 
screened, 169 of specimens were scored for ace-1R allele and no ace-1R mutation (G119S) was 
detected. Likewise, of the 44 mosquito specimens randomly drawn from the laboratory strain of 
An. arabiensis and scored for kdr mutation, 41 carried the homozygous (SS) wild-type allele 
while 3 specimens did not give results with the assay. ACE-1R mutation was not detected in all 
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32 randomly drawn dead laboratory strain of An. arabiensis specimens which were scored for the 
allele. 
Table 3.2 kdr genotype frequencies in field populations of Anopheles arabiensis from 
southwestern Ethiopia according to their survival in the bioassay test. 
 
3.3.3 DDT residue inside human dwellings and in the environment 
The mean concentration of DDT residue found in the indoor soil samples was higher in ´high 
risk` than the ´low risk` villages while no residue was found in the control village (Table 3.3). 
Moreover, DDT was not detected in all the environmental soil samples of study villages, and a 
control village. History of DDT spray of houses in ´low risk` and ´high risk` villages before the 
sampling date was in the range of 1 to 144 months. The mean concentration of DDT on the wall 
and floor surfaces of houses sprayed in June 2008 (13 months before the sampling date) was 1.21 
± 0.74 g/m2, and 0.14 ± 0.24 g/m2, respectively. For houses sprayed in June 2008 and June 2009 
consecutively, the concentration was 1.63 ± 1.08 g/m2, and 0.47 ± 0.30 mg/m2, respectively. The 
difference between the means of concentration of DDT on the walls and floors of houses was 
significant (p < 0.05). Houses sprayed more than 13 months before the sampling date were 
excluded from the analysis because they were few in number per spray programme for 
comparison.  
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Table 3.3 Concentration of DDT residue in mg/kg of soil and mg/m² surface area in soil samples 
from wall and floor surfaces of houses and the environment among seven villages in Gilgel-Gibe 
area, southwestern Ethiopia. 
 
3.4 DISCUSSION 
Results of this study showed that field populations of An. arabiensis collected from the two 
groups (´low risk` and ´high risk`) of villages developed resistances to DDT, permethrin, 
deltamethrin and malathion but not to propoxur. Similar observation of resistances in populations 
of An. arabiensis to DDT, permethrin and malathion had been reported from Sudan (Abdalla et 
al., 2008). The high susceptibility of these populations of mosquitoes to propoxur is also in 
agreement with a study conducted in Sudan where populations of An. arabiensis were 
susceptible to bendiocarb which also belongs to carbamate insecticide (Abdalla et al., 2008).  
The development of resistance by the mosquito population to DDT as well as to type I and type 
II pyrethroids could jeopardize the current malaria control programs. The reduced susceptibility 
of mosquito population to malathion would affect the use of organophosphates as alternative 
insecticides to DDT in IRS as well. Thus, currently, carbamate insecticides are the only 
alternative to be used, at least in this region of the country, in IRS. However, their short residual 
effect and toxicity make them inappropriate for impregnation of bednets (Guillet et al., 2001; 
Fanello et al., 2003; Djougbenou et al., 2007; Akogbeto et al., 2010).  
According to our data (Table 3.2), no significant association was observed between the kdr 
mutation (L1014F) and resistance phenotype (p > 0.05) which is in agreement with previous 
studies (Diabate et al., 2004; Stump et al., 2004; Kulkarni et al., 2006; Verhaeghen et al., 2006; 
Matambo et al., 2007). This could be due to a variation in kdr allelic expression. L1014F-kdr 
mutations determining genotype-resistance phenotype relationship in Culex quinquefasciatus 
goes through transcriptional regulations responsible for the discrepancy of monoallelic or 
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biallelic variation of gene expression in kdr-mediated resistance (Xu et al., 2006). Consequently, 
homozygous resistant individuals may express the susceptible allele and the homozygous 
susceptible individuals could express the resistant allele (Verhaeghen, 2009). The occurrence of 
the resistant allele in both the dead and alive specimens suggests that kdr mutation may exist 
with another factor necessary for the expression of the resistance phenotype, and resistance could 
also be multigenic as a result kdr may not fully explain all the variance in phenotype (Matambo 
et al., 2007; Brooke, 2008, Ndjemai et al., 2009). Knockdown resistance mutation may also 
provide complete resistance to doses of field spray but not to WHO discriminating 
concentrations. Bioassay non-survivors to DDT and pyrethroids were found with homozygous 
resistant alleles (L1014F/L1014F) which suggest that besides the L1014F kdr mutation other 
mutations in the para-type sodium channel gene might be needed for mosquitoes to survive an 
exposure to a discriminating concentration of an insecticide (Verhaeghen et al., 2010). Hence, 
further investigations are required to determine the role of kdr in conferring resistance and the 
presence of other resistance mechanisms involved in the different classes of insecticides. This 
may include employing other methods of genotyping such as sequencing, and new assays which 
may help to evaluate possible method related confounding factors in allele scoring to determine 
genotype–phenotype association (Bass et al., 2007; Donnelly et al., 2009).   
The degree of resistance conferred by L1014F-kdr varied between DDT and pyrethroids. The 
presence of a single kdr allele provided a resistance advantage against DDT compared to 
pyrethroids which is in agreement with findings of a similar study (Reimer et al., 2008). The 
homozygous resistant genotype (RR) showed to confer higher resistance than the heterozygous 
(RS) against pyrethroids but not to DDT. Hence, it is difficult to predict the level of dominance 
of a resistance gene unless the precise physiological role of this gene and its mode of interaction 
with the insecticide are known (Djogbenou et al., 2007). The absence of ace-1R mutation 
(G119S) in both dead and alive specimens exposed to malathion or propoxur, and the absence of 
cross-resistance between these two insecticides further suggests the existence of other metabolic 
resistance mechanisms that could confer resistance only to malathion (Alou et al., 2010).   
The low mortalities (0.5-2.3%) of An. arabiensis after exposure to the discriminating 
concentration of DDT suggest a high level of insecticide resistance resulting probably of 
prolonged and extensive use of DDT for IRS by the National Malaria Control Programme in 
Ethiopia. Indeed, DDT residues were only found inside the houses and not in the surrounding 
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environment. Other previous studies also showed that the selection of resistance to DDT in the 
populations of malaria vectors was due to the long-standing and extensive use of DDT in the IRS 
program (Brogdon et al., 1988; Lines, 1988; Protopopoff et al., 2008). The reduced susceptibility 
of these mosquitoes to malathion could also be attributed to use of malathion as an alternative 
insecticide in the IRS programme of Ethiopia. In agreement with this study, An. arabiensis 
(already resistant to DDT) became resistant to malathion after one year of house treatment as an 
alternative to DDT in the irrigation schemes of Gezira in Sudan (Davidson, 1982).  
The endophilic resting behavior of population of An. arabiensis of the study area (Fettene et al., 
2004) further suggests that their exposure to DDT, pyrethroids and malathion could be indoor 
instead of outdoor. Hence, resistance selection in this population of mosquito to DDT and 
pyrethroids (permethrin and deltamethrin), and the reduced susceptibility to malathion seemed 
most likely to have been developed as a consequence of indoor exposure of adult mosquitoes to 
these insecticides from IRS and ITNs/LLINs. Resistance selection in An. arabiensis from Gezira, 
Sudan, was also presumed to occur at the adult stage as a result of IRS to control malaria vector 
(Hemingway, 1983). 
Moreover, despite the regular spray, the mean concentration of DDT found on the walls of 
houses was less than 2 g a.i. /m2 of surface, the target application rate set by WHO (2002). This 
shows that under-dosage (poor management of insecticides) might have contributed to the 
development of DDT resistance (WHO, 2004; IRAC, 2006).  
In conclusion, the observed multiple-resistance coupled with the occurrence of high kdr mutation 
frequency in populations of An. arabiensis could profoundly affect the current malaria vector 
control programme in Ethiopia. This needs an urgent call for implementing rational resistance 
management strategies and integrated vector control intervention.  
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ABSTRACT 
Ethiopia plans to increase its electricity power supply by five-fold over the next five years to 
fulfil the needs of its people and support the economic growth based on large hydropower dams. 
Building large dams for hydropower generation may increase the transmission of malaria since 
they transform ecosystems and create new vector breeding habitats. The aim of this study was to 
assess the effects of Gilgel-Gibe hydroelectric dam in Ethiopia on malaria transmission and 
changing levels of prevalence in children. A cross-sectional, community-based study was carried 
out between October and December 2005 in Jimma Zone, south-western Ethiopia, among 
children under 10 years of age living in three ‘at-risk’ villages (within 3 km from dam) and three 
‘control’ villages (5 to 8 km from dam). The man-made Gilgel-Gibe dam is operating since 
2004. Households with children less than 10 years of age were selected and children from the 
selected households were sampled from all the six villages. This included 1,081 children from 
‘at-risk’ villages and 774 children from ‘control’ villages. Blood samples collected from children 
using finger prick were examined microscopically to determine malaria prevalence, density of 
parasitaemia and identify malarial parasite species. Overall 1,855 children (905 girls and 950 
boys) were surveyed. A total of 194 (10.5%) children were positive for malaria, of which, 117 
(60.3%) for Plasmodium vivax, 76 (39.2%) for Plasmodium falciparum and one (0.5%) for both 
P. vivax and P. falciparum. A multivariate design-based analysis indicated that, while controlling 
for age, sex and time of data collection, children who resided in ‘at-risk’ villages close to the 
dam were more likely to have P. vivax infection than children who resided farther away (odds 
ratio (OR) = 1.63, 95% CI = 1.15, 2.32). A classification tree revealed insights in the importance 
of the dam as a risk factor for malaria. Assuming that the relationship between the dam and 
malaria is causal, 43% of the malaria occurring in children was due to living in close proximity 
to the dam. This study indicates that children living in close proximity to a man-made reservoir 
in Ethiopia are at higher risk of malaria compared to those living farther away. It is 
recommended that sound prevention and control programme be designed and implemented 
around the reservoir to reduce the prevalence of malaria. In this respect, in localities near large 
dams, health impact assessment through periodic survey of potential vectors and periodic 
medical screening is warranted. Moreover, strategies to mitigate predicted negative health 
outcomes should be integral parts in the preparation, construction and operational phases of 
future water resource development and management projects. 
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4.1 INTRODUCTION 
Malaria is one of the most important causes of morbidity and mortality in tropical and sub-
tropical countries. It is responsible for more than one million deaths each year (Lopez et al., 
2001). The estimated annual global incidence of clinical malaria is 500 million cases (Snow et 
al., 2005). Recent estimates indicate that more than two billion people are exposed to malaria 
risk in about 100 countries. Close to 90% of all malaria infections occur in sub-Saharan Africa, 
where malaria causes an estimated 40% of fever episodes (Hay et al., 2004; Keiser et al., 2005a; 
Rowe et al., 2006). More than 90% of the deaths occur in children under five years of age in 
Africa (Greenwood and Mutabingwa, 2002). Most of the infections and deaths in highly endemic 
areas occur in children and pregnant women, who have little access to health systems (WHO, 
1996; Snow et al., 1999; Luxemburger et al., 2001). Malaria in children is complicated by 
anaemia, neurological sequels from cerebral compromise, respiratory distress and sub-optimal 
cognitive and behavioural development (Holding and Snow, 2001).    
Malaria transmission varies among communities largely due to environmental factors, such as 
proximity to breeding sites (Gratz, 1988). Many water resources development and management 
projects result in local outbreaks of malaria and other vector-borne diseases such as 
schistosomiasis (Steinmann et al., 2006), lymphatic filariasis (Erlanger et al., 2005) and Japanese 
encephalitis (Keiser et al., 2005b). These outbreaks can be attributed to an increase in the number 
of breeding sites for mosquitoes, an extended breeding season and longevity of mosquitoes, 
relocation of local populations to high-risk reservoir shorelines and the arrival of migrant 
populations seeking a livelihood around the newly created reservoirs (Hunteret al., 1993; Tulu, 
1993; Lindsay et al., 1995; Ghebreyesus et al., 1998; Ghebreyesus et al., 1999).  
In Ethiopia, approximately 75% of the total area is estimated to be malarious, with 68% of the 
total population (52 million people) being at risk of infection (Tulu, 1993). According to the 
national health services statistics, malaria is among the top 10 leading causes of morbidity (Tulu, 
1993). Proximity to micro-dams which were constructed for small irrigation development 
schemes is considered as one of the risk factors for increased malaria incidence (Ghebreyesus et 
al., 2000; Ghebreyesus et al., 1999; Ghebreyesus et al., 1998). The actual malaria cases that 
occur annually throughout the country are estimated to be 4-5 million (WHO, 2000). Malaria is 
responsible for 30-40% of outpatient visits to health facilities, 10-20% of hospital admissions 
and 10-40% of severe cases in children under five years of age (MOH, 2000). Most transmission 
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takes place following cessation of rains (Gebre-Mariam et al., 1988). Previous studies showed 
that malaria was more prevalent in villages that were close to small irrigation dams than in those 
farther away (Ghebreyesus et al., 2000; Ghebreyesus et al., 1999). Ethiopia plans to increase its 
electricity power supply by five-fold over the next five years based on large hydropower dams to 
fulfil the needs of its people and support the economic growth based on large hydropower dams 
(ERG, 2009). Ethiopia’s power security is already over 85% dependent on hydropower and 
could grow to over 95% depending on whether all hydropower dams under construction are 
commissioned. Eight hydropower dams account for over 85% of Ethiopia’s existing 767 MW 
generating capacity. Five additional hydropower sites with a combined capacity of 3,125 MW 
are currently under construction. Thus, it is important to look at a variety of impacts from the 
reservoir as it may create health problems and diseases such as malaria, schistosomiasis and 
lymphatic filariasis that often increase because reservoirs provide habitat for vectors (eg. 
mosquitoes) and intermediate hosts (eg. snails). Such investigations will also help in planning, 
designing and monitoring future dams. 
Gilgel-Gibe hydroelectric dam, created by impounding the water of the Gilgel-Gibe River in 
south-western Ethiopia, is currently the largest supply of power (184 MW) in Ethiopia and is 
operating since 2004 (Figure 4.1). During the construction of the dam, many people were 
relocated upstream of the reservoir, although some still remain close to the buffer zone (500-800 
m from the reservoir edge at full supply level) surrounding the lake. The location of the rural 
villages near the newly formed reservoir may increase malaria transmission, assuming that this 
reservoir contributes directly or indirectly to the presence of breeding places for malaria vectors. 
Studies in various African countries indicate that the flight range of different species of 
Anopheles ranges from 0.8 km (An. funestus) (Horsefall, 1955) to an average of 1 to 1.6 km (An. 
gambiae s.s) (White, 1974), and the maximum flight range of anopheline vector mosquitoes is 
about 3 km (De Meillon, 1947; Gillies, 1988; Service, 1997). 
The current study investigates the possible effects of Gilgel-Gibe hydroelectric dam on malaria 
transmission and prevalence among children below the age of 10 years, focusing on the 
distribution of infection in relation to distance of villages from the reservoir shore. Results may 
further guide the development of appropriate malaria interventions for communities living 
around the reservoir.  
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Figure 4.1 Gilgel-Gibe hydropower dam reservoir. 
 
4.2 MATERIALS AND METHODS 
4.2.1 Study site and population 
The study area is located 260 km south-west of the capital, Addis Ababa in Oromia Regional 
State, south-western Ethiopia near Gilgel-Gibe hydroelectric dam. The study area lies between 
latitudes 7°42’50’’N and 07°53’50’’N and between longitudes 37°11’22’’E and 37°20’36’’E, at 
an altitude of 1,734-1,864 m above sea level. The area has a sub-humid, warm to hot climate, 
receives between 1,300 and 1,800 mm of annual rainfall and has a mean annual temperature of 
19°C. The main socio-economic activities of the local communities are mixed farming involving 
the cultivation of staple crops (maize, teff and sorghum), and cattle and small stock raising. The 
study villages are located in Omo-Nada, Kersa and Tiro-Afeta districts (weredas) and have 
similar settlement pattern, have access to health services and are socio-economically similar. 
Census results taken between August and September 2005 showed a population of 6,985 in the 
study villages. All the communities residing in the study villages belong to the Oromo ethnic 
group, which is one of the largest ethnic groups in Ethiopia. The reservoir covers an area of 62 
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km2 and is located at an altitude of 1,671 m. There are no other permanent water bodies or 
impoundments other than the reservoir found around the six study villages.  
4.2.2 Study design  
A cross-sectional house-to-house survey was conducted between October and December 2005 in 
six villages located around the reservoir created by the newly constructed Gilgel-Gibe 
hydroelectric dam. Sampling was carried out by stratified cluster survey. Three villages within 3 
km of the reservoir and three villages located 5-8 km from its shore were randomly selected and 
designated as ‘at-risk’ and ‘control’ villages, respectively. The selection of ‘at-risk’ and ‘control’ 
villages was based on the established flight range of anopheline vector mosquitoes as described 
elsewhere in this paper (Service, 1997; Gillies, 1988; De Meillon, 1947). One thousand eight 
hundred fifty five children (1,081 and 774 from ‘at-risk’ and ‘control’ villages, respectively) who 
had lived for at least six months in those selected villages were included in the study. Bed net 
distribution was not started in the study villages until the end of this study but there was malaria 
control activity through indoor residual spraying, using DDT and malathion, which stopped four 
months prior to the study in both villages.  
4.2.3 Parasitological investigation 
A parasitological study was carried out for three months (October-December 2005) to investigate 
the difference in malaria prevalence between ‘at-risk’ and ‘control’ villages and to characterize 
malaria in the area. During the survey, socio-demographic data were collected and house-to-
house visits were made each month to collect blood samples from every child less than 10 years 
of age and thick and thin films were prepared directly from finger prick blood samples. Blood 
sample collection, preparation, staining technique and microscopic identification of Plasmodium 
species were performed as per standard methods (Cheesbrough, 1987). The thick film served to 
confirm the presence or absence of the parasite, whereas the thin film was to identify the 
Plasmodium species. The initial thick films were considered negative if no parasites were seen in 
at least 100 oil-immersion fields of the thick film (Muller et al., 2003). For positive slides, 
species and presence or absence of gametocytes was recorded. All blood films were initially read 
on site or at Omo Nada District Health Center Laboratory by trained laboratory technicians. 
Films positive for parasites and a 10% sample of films negative for parasites were subsequently 
re-examined by an independent senior technician at Jimma University Specialized Hospital 
Laboratory. The senior microscopist was blinded to the previous microscopy results. The parasite 
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density was counted per 300 leukocytes and was then expressed as number of parasites per 
microliter by assuming an average leukocyte concentration of 8,000 leukocytes/µl (Bruce-
Chwatt, 1985). All Plasmodium positive children were treated according to the national malaria 
treatment guideline of the Government of Ethiopia (MOH, 1999). 
4.2.4 Statistical methods 
Data were entered in and analysed with the statistical programme STATA 10 software package 
(Stata Corp, Texas, USA). Prevalence rates were calculated from monthly positive cases. The 
prevalence of Plasmodium falciparum and Plasmodium vivax was calculated across age, village 
of residence and month of infection. Logistic regressions were conducted to check for any 
significant differences in the proportions of malaria cases between ‘at-risk’ and ‘control’ 
communities both in a univariate manner and controlling for age, sex and month. The clustering 
at village level was taken into account in the logistic regression models (univariate as well as 
multivariate) by using a marginal model with the Taylor series linearization method for 
estimating the variances. 
4.2.5 Classification tree 
To investigate the potential complex interactions between the different determinants in 
explaining the presence of the parasite, classification trees (CART) were used (Thang et al., 
2008). This technique can be used to investigate how the available determinants can be used in 
creating homogenous subgroups, with either high or low prevalences. CART models are fitted by 
binary recursive partitioning of a multidimensional covariate space, in which the dataset is 
successively split into increasingly homogeneous subsets until a specified criterion is stratified. 
The minimum error tree was selected. CART provides a predictor ranking (variable importance) 
based on the contribution predictors make to the construction of the tree. This indicates how 
important the different independent variables are in determining the division. Importance is 
determined by playing a role in the tree, either as a main splitter or as a surrogate. Variable 
importance, for a particular predictor, is the sum across all nodes in the tree of the improvement 
scores that the predictor has when it acts as a primary or surrogate splitter. It is thus possible that 
a variable enters the tree as the top surrogate splitter in many nodes, but never as the primary 
splitter. Such a surrogate splitter will turn out as very important in the variable importance 
ranking provided by CART. More details on this technique can be found in (Speybroeck et al., 
2004). 
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4.2.6 Prevalence fraction 
The cross-sectional study allows to compute a prevalence ratio (PR) which is computed as 
follows: p(D+|E+)/p(D+|E-) with p a probability, D+: positive case, E+: living close to the dam 
and E-: living away from the dam. The ‘prevalence fraction (exposed)’ was calculated using the 
relation that PrFe = (PR-1)/PR. The PrFe expresses the proportion of disease in exposed 
individuals that is due to the exposure, assuming that the relationship is causal. Alternatively, the 
indicator can be viewed as the proportion of infections in the exposed group that would be 
avoided if the exposure were removed.  
4.3 RESULTS 
 Of the 1,855 children below the age of 10 years examined in this study, 905 (48.8%) were girls 
and 950 (51.2%) were boys. The mean age of children was 4.7 years and the number of children 
surveyed from ‘at-risk’ and ‘control’ communities was 1,081 (58.3%) and 774 (41.7%), 
respectively. Of the children in ‘at-risk’ communities, 528 (48.8%) were boys and 553 (51.2%) 
girls while in ‘control’ communities, 377 (48.7%) were boys and 397 (51.3%) were girls. 
Overall, 194 (10.5%) of the sampled children were positive for malaria, of which, 117 (60.3%) 
were positive for P. vivax, 76 (39.2%) for P. falciparum and one (0.5%) for both P. vivax and P. 
falciparum.  
Highest P. vivax (60.7%) and P. falciparum (57.9%) positivity rates were observed in October. 
The P. vivax prevalence varied from 5.9% in children <1 year of age to 6.4% in those 5-9 years 
of age. The P. falciparum prevalence varied from 4.2% in children <1 year of age to 3.8% in 
those 5-9 years of age.  
Table 4.1 shows demographic, distance and temporal relationships with malaria infection. The 
monthly P. vivax point prevalence during the three months ranged from 0.8% to 10.0% and form 
2.3% to 5.9% in ‘at-risk’ and ‘control’ villages, respectively. Monthly P. falciparum point 
prevalence during the three months ranged from 2.7% to 6.9% and from 1.2% to 4.0% in ‘at-
risk’ and ‘control’ villages, respectively (Table 4.1). The peak prevalence rate for P. vivax was 
observed in October and gradually decreased during November to December, while the 
prevalence rate for P. falciparum showed a late increase in December (Figure 4.2).  
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Figure 4.2 Prevalence rates for P. vivax in ‘at-risk’ (circles) and ‘control’ villages (squares) and 
for P. falciparum in at-risk’ (x-signs) and ‘control’ villages (+-signs). 
The P. vivax prevalence was significantly higher in ‘at-risk’ communities compared to the 
‘control’ communities in November (OR = 2.00, 95% CI = 1.38, 2.92) and the P. falciparum 
prevalence was significantly higher in ‘at-risk’ communities in December (OR = 4.78, 95% CI = 
1.03, 22.23) (Table 4.1). Differences between the two communities in malaria globally (P. vivax 
and P. falciparum together) were obvious and statistically significant in all months (p < 0.01). 
 
Table 4.1 Demographic, distance and temporal relationships with malaria infection, Plasmodium 
vivax (Pv) and Plasmodium falciparum (Pf), in Gilgel-Gibe dam area, south-western Ethiopia, 
2005. 
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In general, significantly higher malaria prevalence was observed in children living within 3 km 
from the reservoir than those living farther away (OR = 1.81, 95% CI = 1.17, 2.79 for P. vivax 
and OR = 2.57, 95% CI = 1.01, 6.57 for P. falciparum) (Table 4.1). P. vivax prevalence rates 
differed significantly between ‘at-risk’ and ‘control’ communities among children 1-4 years of 
age (OR = 1.81, 95% CI = 1.21, 2.71) and P. falciparum prevalence rates differed significantly 
between ‘at risk’ and ‘control’ communities among 5-9 years of age (OR = 17.4, 95% CI = 1.22, 
249.24). 
Moreover, in a multivariate analysis controlling for age, sex and time of data collection, it 
appeared that children who resided in ‘at-risk’ villages close to the dam were more likely to have 
a P. vivax infection than children who resided in ‘control’ villages (OR = 1.63, 95% CI = 1.15, 
2.32) (Table 4.2). Finally, while controlling for age, sex and time of data collection, children 
who resided in ‘at-risk’ villages close to the dam were at a higher risk to have a Plasmodium 
infection (P. falciparum and P. vivax combined) than children who resided in ‘control’ villages 
(OR = 1.97, 95% CI = 1.24, 3.12) (Table 4.2).   
Table 4.2 Adjusted odds ratios (ORs) using a design-based logistic regression of malaria 
infection for Plasmodium vivax (Pv) and Plasmodium falciparum (Pf) by age, gender, month and 
village of residence in Gilgel-Gibe dam area, south-western Ethiopia, 2005. 
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Figure 4.3 shows the classification tree for P. vivax reproduced by CART. The children are first 
split into two groups: those sampled in December (prevalence = 1.5%) and those sampled in 
October-November (prevalence = 8.2%). The group of children sampled in October-November 
was further split in children living in ‘at-risk’ communities (prevalence = 9.9%) and those living 
in ‘control’ communities (prevalence = 5.5%). The group of children living in ‘control’ 
communities was further split in children of age below 5 years (prevalence = 3.5%) and above 5 
years (prevalence = 7.5%). According to the overall discriminatory power (i.e. the relative 
importance) in the CART analysis, month emerged as the strongest overall discriminating risk 
factor for a P. vivax infection (Score (Sc) = 100), followed by village type (Sc = 20.21) and age 
(Sc = 8.73) and sex (Sc = 2.19). The classification tree corresponds well with the P. vivax trends 
in Figure 4.1. Indeed, the trends show that in December the P. vivax prevalences in ‘at-risk’ and 
‘control’ communities are both low and that the difference between ‘at-risk’ and ‘control’ 
communities are especially clear in October-November.  
 
Figure 4.3 Classification tree of the risk factors for P. vivax infection. 
Figure 4.4 shows the classification tree for P. falciparum reproduced by CART. Children are 
first split into children living in ‘at-risk’ communities (prevalence = 5.5%) and those living in 
‘control’ communities (prevalence = 2.2%). The group of children living in ‘at-risk’ 
communities was further split in children sampled in November (prevalence = 2.7%) and those 
sampled in October and December (prevalence = 6.3%). According to the overall discriminatory 
power in the CART analysis, village type emerged as the strongest overall discriminating risk 
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factor for malaria P. falciparum infection (Sc = 100), followed by month (Sc = 41.3). The other 
variables, age and sex had a zero-Score. The classification tree corresponds well with the P. 
falciparum trends in Figure 4.2. The trends show that P. falciparum prevalences are lower in 
‘control’ communities and that in ‘at- risk’ communities the prevalences were lower in 
November. 
 
Figure 4.4 Classification tree of the risk factors for P. falciparum infection.  
The ‘prevalence fraction (exposed)’ PrFe, for malaria (P. vivax and P. falciparum together), 
measuring the effect of the dam, was calculated using prevalence ratio p(D+|E+)/p(D+|E-) = 
7.7/4.4 = 1.75 and is PrFe = (PR-1)/PR. = 0.43. This means that 43% of the malaria occurring in 
children can be attributed to the dam, assuming that the relationship is causal. 
4.4 DISCUSSION 
In this study, after controlling for age, sex and time, the prevalence of P. vivax (7.7%) in children 
who reside with in 3 km of the reservoir created by the Gilgel-Gibe hydroelectric dam was 
significantly higher than in children living in more distant villages (4.4%) although the villages 
have a similar eco-topography i.e. with similar altitude, climate, land use pattern and without 
major impounding water around them. Plasmodium falciparum prevalence rates in ‘at-risk’ 
communities (5.4%) were higher than in ‘control’ communities (2.2%), but the difference 
showed no statistical significance (p = 0.085). Overall, the Plasmodium prevalence near the 
reservoir was statistically higher as compared to the Plasmodium prevalence in more distant 
communities (p-value = 0.013). The main reason for the higher prevalence of malaria among 
children living close to the reservoir may be due to the man-made ecological transformations, 
which may influence the presence of mosquito-breeding site and might have an impact on the 
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behaviour, parity rate and longevity of malaria vectors of the study area. A similar study in 
Cameroon showed a malaria prevalence of 36% in residents living in close proximity to a man-
made lake compared with a prevalence of 25% in a village 14 km away (Keiser et al., 2005c). In 
India, a 2.4-fold increase in malaria cases and an over four-fold increase in annual parasite 
incidence were recorded among children in villages close to a reservoir as compared to more 
distant villages (Singh et al., 1999). A high malaria prevalence, up to 47%, was recorded around 
the Mantali dam in Senegal, constructed to provide hydropower and irrigation, compared to 
prevalences of 27.3% and 29.6% in two communities downstream the dam (Jobin, 1999). Risk 
factors for malaria infections in the Gilgel-Gibe area might be proximity to the dam, as the low 
socioeconomic status, the health infrastructure and the malaria control methods appear to be 
similar in ‘at-risk’ and ‘control’ communities.  
This study indicates that children between the age of one and four years tend to have a higher 
malaria prevalence than children below the age of one year (p = 0.083, non-significant for P. 
vivax and P. falciparum combined). This could be because the older children, in contrast to 
younger children, spend outdoors in the evening when peak biting activities of malaria vector 
mosquitoes are high or the greater use of anti-malarial drugs in early childhood (Trape, 1987). A 
similar study in Gabon showed lower malaria prevalence in children less than six months (3.7%) 
than in children at the age of 47 months (47.5%) (Issifou et al., 2007), which was attributed to 
low number of children less than one year of age and immunity acquired from mothers as 
difference in the risk of infection among different age groups could be associated to differences 
in the immunological status. The risk of infection first increases with age and then decreases 
when the individual reaches a certain degree of immunity due to exposure to the parasite. This 
was indicated in the study reported in this paper as well. Plasmodium prevalence rates in children 
between one and four years, below one year and children age of 5-9 years showed no statistically 
significant differences.  
 According to several reviews, P. falciparum is the dominant species in Ethiopia, followed by P. 
vivax, accounting for 60% and 40% of all malaria cases, respectively (Tulu, 1993; Adhanom et 
al., 2007). In the present study, the predominant species was P.vivax followed by P. falciparum. 
Plasmodium vivax was found in 117 (60.3%) children, P. falciparum in 76 (39.2%) and mixed 
infection in one (0.5%) child. The other two Plasmodium species, P. malariae and P. ovale were 
absent. A similar distribution (69% P. vivax and 31% P. falciparum) was reported in a previous 
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study (Woyessa et al., 2002). But, in central Ethiopia, Woyessa et al (2004) reported the 
predominance of P. falciparum during October while P. vivax tends to dominate during 
November. A parasitological community-based study conducted by Gebreyesus et al. (2000) on 
the impact of small irrigation dams on malaria burden in northern Ethiopia also revealed a 
predominance of P. falciparum. The prevalence of malaria infections varies seasonally, with P. 
vivax dominating in the dry season (March-June) and P. falciparum peaking in September-
October, after the end of the main rainy season (Tulu, 1993). Hence, the proportion of malaria 
cases due to the two parasite species can vary across seasons and localities. Ramos et al (2005) 
reported variability in the distribution of malaria parasites (22.4%-54.7% P. vivax and 40.9%-
73.4% of P. falciparum) during different seasons. 
The classification trees show that using this non-parametric technique allows obtaining a better 
insight in the data structure and the available interactions between determinants in their influence 
on (or relation with) malaria. This was also noted by Thang et al (2008). The classification tree 
results correspond well with the graphical trend observations, indicating that for P. vivax, 
children can be grouped according to month and children sampled in October-November showed 
higher prevalences even more when children were living in ‘at-risk’ communities (prevalence = 
9.9%). For P. falciparum, the children living in ‘at-risk’ communities were grouped together 
because of higher prevalences. Within ‘at-risk’ communities especially children sampled in 
October and December showed a higher prevalence of 6.3%. 
In conclusion, this study informs that children living in close proximity to the reservoir created 
by the newly constructed Gilgel-Gibe dam are at a greater risk of Plasmodium infection than 
children living further away, possibly due to the creation of new vector habitats around the 
lakeshore. Epidemiological studies focusing on vector dynamics and socioeconomic, 
demographic and health behaviour factors could be conducted to identify underlying causes of 
the spatial pattern of infection reported in this paper. 
In order to maximize the economic benefits generated by Gilgel-Gibe hydroelectric dam, it is 
recommended that preventive programmes against malaria and other vector-borne diseases be 
implemented along the periphery of the reservoir. Health Package programme, including bed net 
use and health education, early diagnosis and treatment, residual spraying and environmental 
management be implemented in an integrated way and strengthened to reduce disease burden 
from vector-borne diseases in communities living in close proximity to the new reservoir. 
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ABSTRACT 
Malaria remains the most important public health problem in tropical and subtropical areas. 
Mothers’ or caregivers’ ability to recognize childhood malaria-related morbidity is crucial as 
knowledge, attitudes and health seeking behavior of caregivers towards childhood malaria could 
influence response to signs of the disease. A total of 1,003 caregivers in ‘at-risk’ villages in close 
proximity to the Gilgel-Gibe hydroelectric dam in southwestern Ethiopia, and 953 caregivers in 
‘control’ villages further away from the dam were surveyed using structured questionnaires to 
assess their knowledge, perceptions and health seeking behaviour about childhood malaria. 
Malaria (Busa) was ranked as the most serious health problem. Caregivers perceived childhood 
malaria as a preventable (‘at-risk’ 96%, ‘control’ 86%) and treatable (‘at-risk’ 98% and ‘control’ 
96%) disease. Most caregivers correctly associated the typical clinical manifestations with 
malaria attacks. The use of insecticide-treated nets (ITNs) was mentioned as a personal 
protective measure, whereas the role of indoor residual spraying (IRS) in malaria prevention and 
control was under-recognized. Most of the caregivers would prefer to seek treatment in health-
care services in the event of malaria and reported the use of recommended antimalarials. Health 
education to improve knowledge, perceptions and health seeking behaviour related to malaria is 
equally important for caregivers in “at risk” villages and caregivers in “control” villages as 
minimal differences seen between both groups. There may be a need of more than one generation 
after the introduction of the dam before differences can be noticed. Secondly, differences in 
prevalences between ‘control’ and ‘at- risk’ villages may not be sufficient to influence 
knowledge and behaviour. 
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5.1 INTRODUCTION 
Malaria remains a serious public health problem, causing 1.2 million deaths (Lopez et al., 2006) 
and 300 to 660 million clinical cases in tropical and subtropical areas each year (Snow et al., 
2005). More than 90% of the lethal cases occur in children under 5 years of age in Africa 
(Greenwood and Mutabingwa, 2002).  
 In Ethiopia, malaria is one of the most important health problems with nearly 52 million (68%) 
of the populations being at risk to malaria infection (Chibsa, 2007). It is the leading cause of 
morbidity and mortality, accounting for 10-20% of hospital admissions and 10-40% of severe 
cases in children under 5 years and 13–26% of all inpatient admissions in various health facilities 
with corresponding proportional mortality rates of 13–35% (MOH, 2005). 
Plasmodium falciparum and P. vivax are predominant parasite species responsible for 60% and 
40% of the infections, respectively. Plasmodium malariae and P. ovalae account for less than 
1% of the cases (MOH, 2004a). Malaria transmission is seasonal and unstable. The prevention of 
malaria in Ethiopia has relied mainly on early diagnosis and treatment of infection and reduction 
of human-vector contact by indoor residual spraying (IRS) and large-scale distribution of 
insecticide-treated nets (ITNs) and long-lasting insecticidal nets (LLINs) (MOH, 2004b). 
Mothers’ or caregivers’ ability to recognize childhood malaria-related morbidity is crucial as 
about 80-90% of malaria cases are treated at home in Africa (Jeffery, 1984; Nyamogo, 2002) and 
several studies indicate that knowledge, attitudes and practices (KAP) of caregivers towards 
childhood malaria could influence response to signs of the disease (Tarimo et al., 2000; Sanjana 
et al.,2006). Moreover, lack of knowledge and misconceptions of caregivers about the 
transmission and treatment of malaria may also affect malaria control interventions in general 
and jeopardize effective malaria treatment and home malaria management in particular.  
Therefore, this study was conducted to report on caregivers’ knowledge and perceptions about 
the causation, transmission, prevention, treatment and treatment seeking behavior of childhood 
malaria. The aim of this study was to generate baseline information on the KAP of caregivers’ 
about malaria in the context of the potential impact of the Gilgel-Gibe dam on malaria incidence 
and transmission as diseases such as malaria may change in transmission dynamics or increase in 
incidence due to large dam reservoirs (Keiser et al., 2005). The study may also help to 
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implement effective intervention strategies to prevent and control malaria in communities living 
in close proximity to the dam. 
5.2 MATERIALS AND METHODS  
5.2.1 Study area   
The study area is located 260 km south-west of the capital, Addis Ababa in Oromia Regional 
State, south-western Ethiopia near Gilgel-Gibe hydroelectric dam, the biggest dam in Ethiopia, 
which started operating in 2004. The study area lies between latitudes 7°42’50’’N and 
07°53’50’’N and between longitudes 37°11’22’’E and 37°20’36’’E, at an altitude of 1672-1864 
m above sea level. The area has a sub-humid, warm to hot climate, receives between 1300 and 
1800 mm of rain annually and has a mean annual temperature of 19°C. The rainfall pattern of the 
area is similar to other parts of Ethiopia with the long rainy season starting in June and extending 
up to September, while the short rainy season begins in March and extends to April/May. The 
main socio-economic activities of the local communities are mixed farming involving the 
cultivation of staple crops (maize, teff and sorghum), combined with cattle and small stock-
raising. The study villages are located in Sekoru, Tiro-Afeta, Omo-Nada and Kersa districts 
(weredas). Houses are traditional type constructed of mud and wood, the majority with thatched 
roofs and very few with corrugated iron sheets.  
5.2.2 Study design and data collection 
A base line survey was conducted in 16 villages from May to July 2007. The study population 
comprised children less than 10 years of age who lived for at least 6 months in the selected 
villages. All villages surrounding the dam (within a 10 km radius) were classified into ‘at- risk’ 
or ‘control’ according to their distance from the dam. Villages within 3 km from the dam were 
identified as test (‘at-risk’) villages and the remaining villages, 5-10 km from the dam were 
identified as ‘controls’. A total of 8 pairs of ‘at-risk’ and ‘control’ villages were selected so that 
they were as similar to each other as possible, except for the distance to the dam. Details of the 
procedure of the selection of study villages are described elsewhere (Yewhalaw et al., 2009). The 
sample size was chosen such that the study would detect an 8% incidence difference of P. 
falciparum (15% in the ‘at-risk’ and 7% in the ‘control’ group) allowing for a dropout rate of 
15%, with α = 0.05 and β = 0.20 using a 1:1 ratio. This resulted in a sample of 2082 children 
under 10 years of age (1041 in at ‘at-risk and 1041 in ‘control’ villages). A complete list of all 
children younger than 10 years of age in the 16 villages was obtained and 130 children were 
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randomly selected for each ‘at-risk and ‘control’ villages. A multi-stage cluster design was 
employed, each village being a primary sampling unit (PSU) and children below 10 years of age 
as secondary sampling units (SSUs).  
Information on knowledge, perceptions and health-seeking behaviour was gathered from the 
caregivers of those 2082 children. Data were collected by 12 community health extension 
workers (CHEWs) who were residents in the selected villages and well conversant (speak, read 
and write) of the local language (Afaan Oromo). They were hired and trained how to interview 
and adhere to the survey protocol. Each household (defined by members living together) was 
visited and numbered, and for each household member (resident in the village for greater than or 
equal to 6 months of the year) the name, age, and sex were recorded. Each house was assessed in 
terms of its structure, accessibility and proximity to the dam. The survey was conducted using a 
pre-tested semi-structured questionnaire having both closed and open-ended questions. The 
structured questionnaire was first developed in English and then translated into the local 
language (Afaan Oromo) and administered in the local language to the caregiver of each selected 
child less than 10 years of age in both ‘at-risk’ and ‘control’ villages. The questionnaire 
contained the following categories of questions: demographic characteristics, socio-economic 
factors, common human ailments in the area, childhood malaria related episodes in children in 
the preceding two weeks, and knowledge and perception questions related to malaria 
transmission, causations, signs, symptoms, burden and severity of the disease, treatment seeking 
behaviour, local prevention and control practices (Annex 1). The questionnaire was piloted in 
two villages which were not selected for the study. A face-to-face interview schedule was 
arranged to collect relevant data from each caregiver during house-to-house visits. Interviews 
were conducted privately to maintain confidentiality and avoid family and peer-pressure. 
5.2.3 Data analysis  
Data were checked for completeness and consistency and then data were double entered into the 
computer. Analysis was based on Stata 11 (Stata Corp, College Station, TX, USA). Summary 
statistics were computed for the study variables in ‘at-risk’ and ‘control’ groups separately. Odds 
ratios (OR) with 95% confidence intervals (95% CIs) were computed to compare the two groups 
of caregivers using the χ2–test at a significance level of 5%. The clustering at village level was 
taken into account during the data analysis. 
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5.3 RESULTS 
5.3.1 Socio-demographic characteristics of respondents 
One thousand and three caregivers from ‘at-risk’ villages and 953 caregivers from ‘control’ 
villages were interviewed. Table 5.1 shows the socio-demographic and socio-economic profile of 
the study subjects. In both the ‘at-risk’ and ‘control’ villages, the majority of the caregivers were 
parents (either mother or father) of the study children (97.4% and 96.4%, respectively). Females 
constituted the majority of caregivers with 882 (87.9%) and 771 (80.9%) women in ‘at-risk’ and 
‘control’ villages, respectively. The male to female ratio was 1:7.3 in ‘at-risk’ villages and 1:4.2 
in ‘control’ villages. A total of 875 (87.2%) caregivers from at-risk and 787 (82.6%) from 
‘control’ villages were above the age of 30 years. The median age was 36 years among 
caregivers of the ‘at-risk’ group and 35 years among ‘controls’. The median household size was 
six in both groups of villages. The majority of caregivers in the two groups of villages were 
married (96.6 for ‘at-risk’ and 94.8% for ‘control’ villages), illiterate (80.9% for ‘at-risk’ and 
85.2% for ‘control’ villages), and engaged in farming activity (96.2% ‘at-risk’ and 99.5% 
‘control’). Eight hundred and eighty-seven (88.4%) caregivers in ‘at-risk’ and 830 (87.1%) 
caregivers in ‘control’ villages lived in mud-walled and thatched roof traditional tukuls.  
5.3.2 Reported common childhood illnesses in the community by caregivers 
Figure 5.1 shows the distribution of common childhood illnesses reported by caregivers in the 
study area. Nine hundred and fourteen (92.2%) and 788 (86.0%) caregivers mentioned Busa (the 
local name in Afaan Oromo for uncomplicated malaria) as the most common childhood illness 
and most frequent health concern in the ‘at-risk’ and ‘control’ villages, respectively. Other 
common childhood illnesses reported by the caregivers were helminthes infections (4.9% ‘at-
risk’ and 11.7% ‘control’) and cough (2.5% ‘at-risk’ and 1.6% ‘control’). Very few caregivers in 
each group reported that HIV/AIDS, tuberculosis and typhoid were common childhood illnesses. 
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Malaria Helminth 
infection 
Cough Others 
Table 5.1 Socio-demographic characteristics of caregivers of children less than 10 years of age 
for the ‘at-risk’ villages (n=1003) and ‘control’ villages (953) in Gilgel-Gibe dam area, 
southwestern Ethiopia, 2007. 
 Variable Attribute ‘At-risk' Count (%) 
‘Control' Count 
(%) 
Relationship with the 
child 
Mother/Father 
Other relatives 
Non relatives  
977 (97.4) 
26 (2.6) 
0 
919 (96.4) 
30 (3.2) 
4(0.4) 
Sex Female Male 
882(87.9) 
121(12.1) 
771(80.9) 
182(19,1) 
Age group (years) <30 
>30 
128(12.8) 
875(87.2) 
166(17.4) 
787(82.6) 
Marital status 
Single 
Married 
Divorced 
Widowed 
12(1.2) 
969(96.6 
3(0.3) 
19(1.9) 
19(2.0) 
903(94.8) 
3(0.3) 
28(2.9) 
Educational level 
Illiterate 
Read and write only 
Elementary 
Secondary education 
Above secondary education 
811(80.9) 
120(12.0) 
68(6.8) 
2(0.2) 
2(0.2) 
812(85.2) 
104(10.9) 
30(3.1) 
5(0.5) 
2(0.2) 
Occupation 
Farmer 
House wife 
Others 
965(96.2) 
12(1.2) 
26(2.6) 
948(99.5) 
1(0.1) 
4(0.4) 
Types of house (roof) Thatched Corrugated iron sheet 
887(88.4) 
116(11.6) 
830(87.1) 
123(12.9) 
 
 
 
 
Figure 5.1 Common childhood illnesses 
reported by caregivers of children less 
than ten years of age in ‘at-risk’ and 
‘control’ villages in Gilgel-Gibe dam 
area, southwestern Ethiopia, 2007. 
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5.3.3 Reported malaria illness and case management of childhood malaria 
The proportion of caregivers reporting a malaria episode in children two weeks preceding the 
study was not significantly higher in the ‘at-risk’ (OR = 1.49, 95%CI = 0.46-4.76) than in the 
‘control’ villages (p = 0.48) (Table 5.2). Seventy six percent and 85% of the caregivers from ‘at-
risk’ and ‘control’ villages, respectively, reported that they sought treatment for children with 
malaria. With regard to the first action taken with their sick child, the following responses were 
provided by caregivers: taking to health services, treating with antimalarial drugs and herbal 
preparations at home with no significant difference between the two groups of caregivers (p > 
0.05). The majority of caregivers (82% for ‘at-risk’ and for 79% ‘control’ villages) reported that 
they used antimalarial drugs to treat their sick child. With regard to the type of anti-malarial drug 
used, no important differences were found between the two groups of caregivers. Use of coartem 
(artemether-lumefantrine), chloroquine and fansidar (sulfadoxine-pyrmethamine) was reported 
by both groups of caregivers for treating their children suffering from malaria. Very few 
caregivers from the ‘control’ group also reported the use of quinine. Nearly, 95% of the 
caregivers from each group indicated that their sick child completed the full course of 
antimalarial drugs. In contrast, only 4% of caregivers from each group reported that their sick 
child did not take the full course of treatment. There were no significant differences in both 
groups of caregivers’ responses when asked why their sick children had not sought treatment (p 
> 0.05). The mentioned reasons for the absence of treatment by both groups of caregivers were: 
lack of money, distance of health services and child considered not being seriously ill. 
5.3.4 Recognition of the main signs and symptoms of uncomplicated childhood malaria 
The caregivers’ perceptions about the important signs and symptoms of malaria are shown in 
Figure 5.2. Most caregivers correctly associated the typical clinical manifestations with malaria 
attacks. Fever (hot body) was the most common (738 cases, 73.6%) symptom mentioned by the 
caregivers from the ‘at-risk’ group followed by shivering (613 cases, 64.3%), headache (375 
cases, 37.4%), thirst (174 cases, 17.3%) and vomiting or nausea (168 cases, 16.7%). Caregivers 
from the ‘control’ group, however, mentioned shivering as the most common symptom (613 
cases, 64.3%), followed by fever (560 cases, 58.8%), headache (539 cases, 56.6%), thirst (306 
cases, 32.1%), chills (241 cases, 25.3%), loss of appetite (156 cases, 16.4%) and vomiting or 
nausea (135 cases, 14.2%). Loss of consciousness, convulsion and weakness were least 
mentioned by both groups of caregivers as symptoms or clinical manifestations of uncomplicated 
malaria.  
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Figure 5.2 Perceived signs and symptoms of uncomplicated childhood malaria by caregivers of 
children less than ten years of age in ‘at-risk’ and ‘control’ villages in Gilgel-Gibe dam area, 
southwestern Ethiopia, 2007. 
5.3.5 Cause and mode of transmission of childhood malaria as reported by caregivers 
Reported responses of caregivers about the causes and transmission of childhood malaria are 
summarized in Table 5.3. Caregivers from ‘at-risk’ villages recognized mosquito bites as a cause 
of malaria, and this was not statistically different (OR = 2.05, 95% CI = 0.56, 7.57) from 
caregivers from ‘control’ villages. Incorrect causes of malaria by both groups of caregivers were: 
exposure to sun, eating contaminated food, bad spirits, dirty and stagnant water, too much work 
and God’s punishment. The majority of caregivers in each group of villages reported that malaria 
is transmitted through mosquito bites, though the level of knowledge among caregivers in the 
‘at-risk’ (77%) and the ‘control’ group (83%) was not significantly different (OR = 0.64, 95% CI 
= 0.21, 1.93). Nearly 8% of caregivers responded that they did not know the route of malaria 
transmission (11% ‘at-risk’ and 4% ‘control’). September to November was frequently 
mentioned as the main malaria transmission season (64% ‘at-risk’ and 50% ‘control’). When 
asked about the usual biting time of mosquitoes, the majority of caregivers (76% ‘at-risk’ and 
79% ‘control’) believed mosquitoes bite humans at night with no significant difference in the 
reported knowledge between the two groups of caregivers (p = 0.37). However, some caregivers 
(6% ‘at-risk’ and 4% ‘control’) reported that they did not know the usual biting time of 
mosquitoes. Stagnant water was the most frequently recognized breeding site of mosquitoes by 
both groups of caregivers (89% ‘at-risk’ and 78% ‘control’). 
Village group 
     ‘Control’ 
     ‘At-risk’ 
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Table 5.2 Distribution of reported cases with a malaria episode and management of childhood 
malaria by caregivers in the preceding two weeks prior to the study period in Gilgel-Gibe dam 
area, southwestern Ethiopia, 2007. 
 
93 
Table 5.3 Knowledge on causes and modes of transmission of childhood malaria reported by 
caregivers of children less than 10 years of age around Gilgel-Gibe hydroelectric Dam, 
southwestern Ethiopia, 2007. 
Attribute ‘At- risk' (%) 
‘Control’ 
(%) OR(95% CI) P-value 
Cause of malaria (na=100, nc=953) 
Mosquito bite 59.1 41.3 2.05(0.56,7.57) 0.256 
Exposed to the sun 51.3 39 1.65(0.52,5.25) 0.371 
Eating contaminated food 13.5 9 1.57(0.56,4.38) 0.362 
Bad spirit 3.3 1.7 1.99(0.23,17.28) 0.499 
Dirty and staginant water 2.9 7.9 0.35(0.07,1.64) 0.153 
Too much work 1.6 2.7 0.58(0.21,1.60) 0.263 
God punishment  1.1 4.6 0.23(0.04,1.23) 0.060 
Body contact with patients 0.4 7.9 1.26(0.30,7.79) 0.791 
Don’t know 12.9 4.3 3.32(0.48,23.1) 0.187 
Modes of malaria transmission (na=984, nc=941) 
Mosquito bite 76.7 83.7 0.64(0.12,1.93) 0.400 
Body contact with patients 10.9 7.0 1.62(0.39,6.750 0.481 
Via respiratory route 4.6 8.5 0.52(0.11,2.49) 0.377 
Sharing utensils with patients 5.6 2.4 2.36(0.44,12.74) 0.281 
Breast milk 8.2 4.3 2.02(0.39,10.38) 0.366 
Don’t know 11.4 3.8 3.23(0.71,14.70) 0.105 
Main transmission season (na=1003, nc=953) 
September to November 63.8 49.5  0.518 
December to February  5.4 5.9   
March to April 8.4 8.3   
June to August 15.8 24.9   
Always 6.7 11.2   
Usual mosquito biting time (na=755, nc=788) 
Day 4.8 6.2  0.379 
Night 76 78.6   
Any time 13 11.2   
Don’t know 6.2 3.9   
Common mosquito breeding sites (na=759, nc=784) 
Stagnant water 88.8 90.4  0.354 
Running water 0.7 1.8   
Others 0.7 2.8   
Don’t know 9.9 4.9   
na = number of respondents ‘at-risk’; nc = number of respondents ‘control’ 
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5.3.6 Knowledge of malaria preventive methods, treatment and treatment seeking 
behaviour of caregivers  
The majority (91%) of caregivers believed that childhood malaria is a preventable disease (Table 
5.4). However, the perception on preventability of childhood malaria was significantly higher (p 
= 0.03) in the ‘at-risk’ than in the ‘control’ group. One hundred thirty two (13.9%) and 39 (3.9%) 
caregivers from ‘control’ and ‘at-risk’ group, respectively, failed to recognize the preventability 
of childhood malaria.  
Table 5.4 Knowledge and perception of caregivers on preventability, local prevention and 
control practices of childhood malaria for ‘at-risk’ and ‘control’ villages in Gilgel- Gibe dam 
area, southwestern Ethiopia, 2007. 
Variable Category ‘At-risk’ (%)a 
‘Control’ 
(%)a OR (95%CI) P-Value 
Preventability 
(‘At-risk’, n = 1003; 
‘Control’, n = 953) 
Yes 96.1 86.1 3.97(1.04,15.13) 0.033* 
Preventive methods 
(‘At-risk’, n = 965; 
‘Control’, n = 921) 
Mosquito nets 73.1 81.1 0.63(0.12,1.98) 0.404 
Repellant/Smoking 32.7 12.9 3.28(1.07,10.09) 0.035* 
Anti-malarial drugs 26.2 8.0 4.07(1.06,15.68) 0.034* 
Eliminating breeding sites 17.6 4.6 4.40(1.25,15.54) 0.017* 
House spraying 16.5 4.3 4.41(0.75,25.81) 0.074 
Herbal preparation 1.8 0.7 2.73(0.21,36.37) 0.403 
Treatability 
(‘At-risk’, n = 1003; 
‘Control’, n = 953) 
Yes 97.8 96.1 1.80(0.62,5.24) 0.253 
Treatment seeking behaviour 
(‘At-risk’, n = 981; 
‘Control’, n = 916) 
Public health service 71.5 65.1 1.34(0.37,4.88) 0.632 
Private health services 33.8 20.4 1.99(0.53,7.51) 0.281 
Self treat with herbs at home 1.8 6.9 0.25(0.05,1.32) 0.077 
Self treat with modern medicine  1.4 6.8 0.19(0.06,0.63) 0.005* 
Traditional healer 0.3 0.5 0.56(0.08,3.79) 0.521 
*Significant at 0.05 level 
aMultiple responses possible 
The use of mosquito nets was the most frequently mentioned malaria preventive method and we 
found no difference in knowledge on mosquito nets as a preventive method between the two 
groups of caregivers. However, caregivers from the ‘at-risk’ group showed significantly higher 
perception of the usefulness of repellents (p = 0.034), antimalarial drugs (p = 0.033) and 
elimination of breeding sites (p = 0.017) than caregivers from the ‘control’ group as methods of 
malaria prevention. Other less frequently reported preventive methods were indoor residual 
spraying (IRS) (16.5% ‘at-risk’ and 4.3% ‘control’) and herbal preparation (1.9% ‘at-risk’ and 
0.7% ‘control’). 
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 Approximately 97% of the caregivers in each group recognized childhood malaria as a treatable 
disease. With respect to treatment seeking behaviour, government clinics were reported to be the 
first choice for treatment (71.5% ‘at-risk’ and 65.1% ‘control’) for a suspect child of having 
malaria, followed by private clinics (33.8% ‘at-risk’ and 20.4% ‘control’), home treatment with 
herbal preparations (1.8% ‘at-risk’ and 6.9% ‘control’), home treatment with antimalarial drugs 
(1.4% ‘at-risk’ and 6.8% ‘control’) and taking the child to traditional healers (0.3% ‘at-risk’ and 
0.5% ‘control’). 
5.4 DISCUSSION 
In this study, most caregivers were mothers, which is similar to the findings in other studies 
conducted in Tanzania and Uganda showing that 89% and 92% caregivers of children, 
respectively, were mothers (Tarimo et al., 2000; Njama et al., 2003). 
Malaria was reported to be the most common childhood illness and the most serious health 
concern of caregivers in both groups of villages. Soil-transmitted helminth infection and HIV 
were also reported by some caregivers as common childhood illnesses in the study area which is 
a matter of concern as the co-morbidity of soil-transmitted helminth infections with P. 
falciparum malaria could result in severe anaemia in children (Akenji et al., 2005; Brooker et al., 
2006) and malaria co-infection with HIV was also reported to increase the risk of severe P. 
falciparum malaria and malaria-related deaths (Grimwade et al., 2004). 
The reported childhood malaria illness was higher in ‘at-risk’ than ‘control’ villages and this was 
consistent with the findings of the previous malaria point prevalence study conducted in two 
groups of similar villages in the same study area showing higher malaria prevalence in at-risk 
villages (Yewhalaw et al., 2009).  
Results of this study also showed that the majority of caregivers who had diagnosed their child 
and reported to have uncomplicated childhood malaria in the two weeks prior to this study took 
some sort of action. A worrisome finding was that 24% of the caregivers from the ‘at-risk’ group 
and nearly 15% of the ‘control’ did not do anything for their children with reported childhood 
malaria. Of the caregivers who reported first-line treatment, the majority in each group said that 
they took the child to a health facility in contrast to the findings of other studies in Africa 
showing that only few caregivers took their children with uncomplicated malaria to a health 
facility (Mwenesi et al., 1995). The findings also indicate that 36% of the caregivers in ‘at-risk’ 
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and 23% in ‘control’ group reported that in the first-line treatment they had given antimalarial 
drugs to a child they diagnosed as having malaria at home which is higher than the 6.4% reported 
in another study from northern Ethiopia (Deressa et al., 2007). Rates of self- or home treatment 
in Africa ranged from as low as 19% in Guinea to as high as 94% in rural Ghana (Brinkmann 
and Brinkmann, 1991). The practice of self-treatment at home observed in our study may be an 
advantage as a short delay between disease onset and effective treatment has been linked to a 
lower risk of death (D’Alessandro et al., 1997; Thang et al., 2009). 
The findings of this study further showed that caregivers in both groups had good knowledge on 
medication as most reported the use of AL and CQ (the current first-line antimalarial drugs) for 
the treatment of uncomplicated P. falciparum and P. vivax malaria, respectively. This knowledge 
on the use of antimalarials could contribute to the early and adequate treatment of malaria in the 
programme of home treatment of malaria (Oguonu et al., 2005). Although SP is no longer 
recommended as medication due to resistance (MOH, 2004a), its use indicates that it may still be 
available at some private health-care providers, drug shops or illegal vendors. Therefore, there 
may be a need for reorientation, follow-up and monitoring of the implementing this of the 
national antimalarial treatment policy change by the national malaria control programme 
(NMCP) as failure to implement may result in increased malaria transmission (Barnes et al., 
2005). Several reasons were reported for the absence of malaria treatment, such as lack of 
money, the distance of health services and low severity of the disease. This is consistent with 
another study in Uganda (Lindblade et al., 2000) showing that factors associated with prompt 
presentation at a health facility included severity of illness, proximity to a health facility and 
knowledge of malarial prevention methods. The frequently mentioned signs and symptoms of 
childhood malaria were fever, shivering and headache as reported by Govere et al. (2000). Fever 
and shivering were the most recognized symptoms of childhood malaria by the caregivers which 
is in agreement with findings in other studies (Sanjana et al., 2006; Deressa et al., 2007). The 
recognition of fever by the majority of caregivers as a symptom of uncomplicated malaria could 
be of importance (Oguonu et al., 2005) and early treatment also depends upon prompt 
recognition of symptoms and signs of malaria in the household mainly by women (Tanner and 
Vlassof, 1998). 
Very few caregivers reported convulsion as symptom of childhood malaria which may indicate 
recognition of some features of severe malaria which is in contrast to findings of several studies 
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in Africa in which the appearance of convulsions were recognized but associated to some form 
of ‘supernatural’ force necessitating the involvement of a ‘traditional healer’ (Jenkins, 1998; 
Baume et al., 2000; Oberlander and Elverdan, 2000). The majority of caregivers (77% ‘at-risk’ 
and 84% ‘control’ group) recognized that malaria is transmitted by mosquito bites, which is 
higher than the 5% and 48% observed in similar studies conducted in central and northern 
Ethiopia, respectively (Yeneneh et al., 1993; Paulander et al., 2009). Moreover, mosquito bites as 
a cause of malaria were mentioned by more than half of the caregivers (both groups combined). 
This may be attributed to the efficiency of the local health service extension programme (HSEP), 
launched in 2004 by the Government of Ethiopia and designed to achieve basic health care 
coverage in the country through the provision of staffed health posts (one for 5,000 people). 
These health posts also deal with malaria prevention and treatment (MOH, 2007). Mwenesi et al. 
(1995) indicated that there were inter-country, urban/rural and district variation in the quality and 
magnitude of sources of care available in a population. Most caregivers associated mosquito 
bites with malaria transmission which is important to sustainably run control programmes based 
on the use of ITNs. Minja et al. (2001) reported that where awareness of mosquitoes as malaria 
vector is present, the use of ITNs could be as high as 52%. More than half of the caregivers cited 
that malaria transmission would occur from September to November mainly. This is similar to 
most malaria endemic areas in the country where malaria is seasonal and unstable and the peak 
malaria transmission occurs after the rainy season. Most caregivers replied that mosquitoes bite 
humans during night time which was also reported in another rural community of central 
Ethiopia (Deressa et al., 2003). Caregivers’ knowledge on the usual biting time of mosquitoes 
and seasonality of malaria could contribute to health extension workers efforts to promote the 
acceptance and use of ITNs by the community (Jima et al., 2005).  
Most caregivers were quite knowledgeable about the preventability and treatability of malaria in 
contrast to the findings in central Ethiopia showing that 77% of the mothers believed that malaria 
could not be prevented (Yeneneh et al., 1993). Moreover, in the current study most respondents 
recognized the role of mosquito nets in malaria prevention. This may be useful information when 
implementing strategies to scale-up the distribution and use of ITNs. The NMCP distributed 20 
million ITNs between 2005 and 2007 targeting 40 million people at risk (WHO, 2008) and aims 
to reach 100% ITNs coverage by the year 2010 (MOH, 2005). Respondents acknowledged the 
use of repellents, chemoprophylaxis, eliminating mosquito breeding sites, house spraying and 
herbal therapy as personal prevention methods against malaria. However, some caregivers (9% 
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both groups combined) believed that prevention or control of childhood malaria is impossible. 
There may therefore be a need to implement health education interventions to promote and 
improve malaria prevention and control.  
IRS programme had been reported to be highly successful in reducing malaria transmission 
(MacDonald, 1957; Kouznetsov, 1977) and spatial targeted vector control using IRS and ITNs 
were also found to reduce malaria transmission (Protopopoff et al., 2007). In the present study, 
the longstanding use of IRS activity or operation by the NMCP consists primarily in DDT use 
and occasionally in malathion. IRS is the main technical element of malaria prevention and 
control strategic approach in Ethiopia (MOH, 2001). It was observed that the caregivers in both 
groups of villages had a poor perception of IRS in contrast to another study in southwestern 
Ethiopia showing that the majority of the community knew the reason for house spraying (Adera, 
2003). This may hamper malaria control programmes as there may be less compliance by 
caregivers with spraying programs, e.g., when replastering and washing treated wall surfaces 
after spray or when disallowing spray men entering into the houses for reasons of inconvenience 
or because of the bad odor of the insecticide. Anopheles arabiensis, the primary vector of malaria 
in the study area was reported to be strongly endophilic (Fettene et al., 2004). Effective IRS 
against malaria vectors depends on the resting behaviour of mosquitoes (Pates and Curtis, 2005) 
and on the knowledge of the malaria vector and the purpose of IRS (Castella and Sawyer, 1993). 
It may therefore be important to educate caregivers to improve their knowledge about IRS, its 
risks and benefits so as to make them comply with the spraying programme.  
The two groups of caregivers reported that they would seek treatment first in health services 
(health centers, clinics, health posts and malaria control laboratories) in contrast to other studies 
conducted in Africa which showed that most caregivers would use self-medication at home as 
the first line of treatment in the event of uncomplicated malaria in their children (Thora et al., 
2000; Fawole and Onadeko, 2001; Williams and Jones, 2004; Oguonu et al., 2005). The choice 
for public health services may be attributed to these services currently being the sole sources of 
free antimalarials. Indeed the Government of Ethiopia started taking measures through the HSEP 
to improve the prevention and treatment of malaria, distributing AL, CQ and QN free of charge 
either after diagnosis using a rapid diagnostic test (RDTs) or through clinical diagnosis by health 
extension workers at health posts. Such health posts are not far from the patients’ homes as the 
NMCP recommends that the community should have access to health posts within less than 1-
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hour walking (MOH, 2007). McCombie (1996) stated that access, severity of illness and cost are 
the major factors determining use of health-care facilities. Though the majority of caregivers in 
both groups reported the use of health-care facilities as the first choice for treatment for their 
children with uncomplicated childhood malaria, caregivers also reported that the first response to 
the recognition of uncomplicated malaria was home treatment with antimalarial drugs. This may 
call for involving community health extension workers to educate caregivers about home-based 
malaria treatment, antimalarial drugs and dosages by delivering consistently antimalarials. A 
study conducted in northern Ethiopia by Kidane and Morrow (2000) indicated that effective 
treatment with antimalarials at home and village levels of children with febrile illnesses resulted 
in prompt treatment and reduced incidence. Prompt recognition of febrile illnesses among 
children and early treatment with appropriate antimalarial drugs at home or village level in rural 
endemic areas has become an alternative to health facility services (WHO, 2005). Apart from 
lack of knowledge, distance to a health facility or cost of antimalarials, the choice of treatment 
seeking at home as the first line by some caregivers in this study could be attributed to the local 
social context. In Ethiopia, mothers or caregivers have a major role in the well-being of the 
household and are responsible for household chores. They may prefer home treatment as they 
may not get time for health-seeking at health services and keep stock of antimalarials on hand for 
self-medication at home (Foster, 1995). The peak malaria transmission season also coincides 
with the period of harvesting which may be another reason for not approaching health-care 
services as the time constraint may influence the treatment choice (McCombiae, 1996). Few 
caregivers reported that they would seek treatment from traditional healers unlike the findings of 
a study in Uganda in which no caregivers reported to seek care from traditional healers (Njama et 
al., 2003).  
CONCLUSION 
This study revealed that malaria is perceived as the commonest illness and most severe health 
concern for both groups of caregivers. The majority of caregivers sought treatment in health-care 
services for their child with malaria followed by home treatment using antimalarials. Most 
importantly, caregivers of both groups have knowledge about the signs and symptoms of 
uncomplicated malaria (e.g., only few linked convulsion with malaria). Health education on how 
to recognize severe malaria may be needed and caregivers should be aware that uncomplicated 
malaria could progress into severe malaria. Knowledge of caregivers on personal protection 
methods and treatability of malaria was proper. A wide variety of personal protective methods 
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were practiced by caregivers but knowledge on IRS as a protective method was low. Since poor 
knowledge on the purpose and use of IRS may jeopardize vector control activities to reduce level 
of malaria transmission in the study area, the NMCP should promote and improve the 
understanding of the function of IRS. Some of the caregivers reported the use of SP for the 
treatment of uncomplicated malaria and this should be appropriately addressed through 
reorientation, follow-up and monitoring. The small differences between the caregivers from ‘at-
risk’ and ‘control’ villages may be partially attributed to higher exposure of the caregivers of the 
‘at-risk’ villages to malaria or to higher malaria prevalence compared to the caregivers of the 
‘control’ villages after the introduction of the dam as the two groups of villages to some extent 
were previously supposed to be ecological replica of each other with similar malaria endemicity. 
Tanner et al. (1998) indicated that exposure to malaria is clustered, implying a cluster of 
knowledge and perception of malaria. However, in general, health education to improve the 
knowledge, perceptions and health seeking behaviour related to malaria is equally important 
under different malaria burden settings. Indeed, the indicators of knowledge, perceptions and 
health seeking behaviour related to malaria used in this study show that differences between 
caregivers in ‘at-risk’ villages and caregivers in ‘control’ villages were minimal. With respect to 
this, two observations can be made. Firstly, there may be a need of more than one generation 
after the introduction of the dam before differences can be noticed. Secondly, the prevalences 
observed by Yewhalaw et al. (2008), 6% and 12% in ‘control’ and ‘at-risk’ villages, respectively 
may not be sufficient to influence knowledge and behavior.  
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ABSTRACT 
To satisfy the increasing demand of electricity, Ethiopia plans to increase its electricity 
production 5-fold by 2015 compared to 2010. The electricity production in Ethiopia is delivered 
mainly by hydro-electric dams. This type of production is sensitive to climatic and 
environmental changes. Hydro-electric dams show economic advantages for industrial 
development in Ethiopia and can lead also to improved irrigation systems and more controlled 
water regulation. They further influence the regions around the reservoir and can, as such, 
change the environment. The environmental change may lead to a change in species composition 
and/or an increase in the vector density and intermediate hosts which can cause an increase in 
incidence of water-borne infectious diseases such as malaria, schistosomiasis and lymphatic 
filariasis. Dams can further lead to food insecurity, eutrophication and a decrease in water and 
soil quality. Due to the increase of hydro-electric dams in different parts of Ethiopia and in view 
of future ambitious plans of damming rivers, more research is needed to understand the potential 
negative effects of such water resource development schemes (dams) in order to take remedial 
measures to prevent and control the unintended negative effects.   
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6.1 INTRODUCTION 
Only 15% of the population in Ethiopia has access to the national electricity network. This low 
percentage is caused by the irregular electricity distribution in the country. The majority (about 
80%) of the Ethiopians live in rural regions, whereas the electricity networks are mainly 
concentrated in cities (ERG, 2009; GTZ Eastern Africa Energy Resource Base, 2010). 
Traditional energy source (wood, animal dung and agricultural residues) represent the principal 
source of energy in Ethiopia. Annual per capita consumption of electricity in Ethiopia is 100 
KWh per year but 510 KWh per year for sub-Saharan Africa. This reveals that most of the 
energy usage is still from traditional energy source (MOWE, 2012). 
To improve the distribution of electricity, the Ethiopian government established the Universal 
Electricity Access Program (UEAP) amongst other such organizations, the aim being to ensure 
that 50% of the population have access to an effective electrical line by 2012 (Gibe III HEP, 
2010).  
Ethiopia is characterized by a strong economic growth (11% in 2009), resulting in a 20% annual 
increase in the electricity demand (ERG, 2009). To satisfy this demand, the government 
supported the construction of many more hydro-power dams, aiming to increase electricity 
production from the present level 8,180 GWh/year to 40,900 GWh/year by the end of 2015 
(MOWE, 2012). The power demand is projected to grow from 4,000 GWh/year in 2010 to 
70,000 GWh/year in 2030. 
In this review, we assess the effects of hydro-electric dams in Ethiopia. The role that Ethiopia 
plays in terms of hydro-electric energy production in African and global context is reviewed. 
Thereafter, the positive and negative effects of such hydro-electric dam were discussed. 
Elements that influence the sustainability of the Ethiopian hydropower dams are commented as 
well. 
6.2 LITERATURE SEARCH STRATEGY AND SELECTION CRITERIA 
The literature search consisted of searching through the following databases: PubMed, 
MEDLINE, the Web of Science and Google Scholar. Research articles, reviews and books 
available electronically were identified and consulted by key word searches. The following 
keywords were used either alone or combination: “dam(s)”, “Ethiopia”, “Africa”, “health”, 
“impact(s)”, “infectious disease(s)”, “vector-borne disease(s)”, “malaria”, “economy”, 
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“schistosomiasis”, “water resource(s) development”, “hydropower”, ”irrigation”, “filariasis”, 
“climate change”, “eutrophication”, “erosion”, “sedimentation”, “seismicity”, “pollution”, 
“water quality” and “food insecurity”. We further consulted reports of the following 
organizations: Ministry of Water and Energy (MOWE), Ethiopian Electric Power Corporation 
(EEPCO), US Energy Information Administration (EIA), Ethio Resource Group (ERG), GTZ 
Eastern Africa Energy Resource Base, Gilgel-Gibe EIA, Gibe III HEP, International Rivers and 
The World Bank. 
To study the Ethiopian energy sector and the hydro-electric dams, we mainly consulted reports 
of the above-mentioned organizations. Information was selected based on its relevance, on how 
recent it was, and how trustworthy it appeared to be. The last criterion was assessed by 
comparing different documents: only information that could be found or retrieved back in several 
reports or documents was used in this review. Serious negative impacts, that were repeatedly 
reported, were selected and discussed in more detail. To this end, we looked for specific studies 
and reviews in the different databases. Finally, additional documents and studies using Ethiopia 
as a case study area were explored in more detail. If certain effects were not reported for 
Ethiopia, similar studies in other African countries were used and quoted. 
6.3 THE ETHIOPIAN ENERGY SECTOR IN A GLOBAL CONTEXT 
The global electricity production amounts to 18,014,670 GWh/year. Africa only provides 3% of 
this global production producing 546,790 GWh yearly. Figure 6.1 shows the African countries 
with the largest electricity production. Ethiopia only delivers a small part (3,270 GWh/year) of 
the total African production. 
Of the total African electricity production, about 16% (i.e., 90,920 GWh/year) is produced by 
hydropower stations. Africa produces 3% (2,997,070 GWh/year) of all hydro-electric power in 
the world. Figure 6.2 shows the African countries with the largest hydropower production. 
Ethiopia is at the 10th place in the ranking. In Ethiopia, the contribution of hydropower 
production to the total energy production is 95%, articulating Ethiopia’s dependence on hydro-
electric energy. Hence, hydropower resource development has high priority in the energy policy 
of Ethiopia (Teka, 2006) and the power system expansion plan is dependent mainly on 
hydropower energy source (Figure 6.3).  
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Figure 6.1 African countries with the largest electricity production (Source: EIA, 2008a). 
 
 
Figure 6.2 Highest hydropower producing countries in Africa (Source: EIA, 2008b). 
0
50
100
150
200
250
T
o
ta
l 
e
n
e
rg
y
 p
ro
d
u
ct
io
n
 (
in
1
0
0
0
 G
W
h
)
Country
0
2
4
6
8
10
12
14
16
H
y
d
ro
-e
le
ct
ri
c 
e
n
e
rg
y
 p
ro
d
u
ct
io
n
 (
in
 1
0
0
0
 G
W
h
)
Country
114 
There is a significant power generation resource in Ethiopia. The hydropower resources which 
are distributed in nine major river basins and their numerous tributaries are estimated to generate 
650,000 GWh per year. The technically feasible potential is estimated to be 40% of the 
theoretical potential i.e., 260,000 GWh per year. This would constitute about 15% of the total 
technically feasible potential of Africa, which is 1, 750,000 GWh per year (MOWE, 2012). 
However, only 3% of this potential is used in Ethiopia. Currently, there are 14 operational hydro-
power dams in Ethiopia, 2 more mega dams are under construction and 8 are planned (Figure 
6.4). The main deliverer of electricity in Ethiopia is the Ethiopian Electric Power Corporation 
(EEPCO).  
 
 
Figure 6.3 Power system expansion plan of Ethiopia (Source: EEPCO Statistics: EEPCO system 
expansion master plan update, 2006). 
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6.4 ADVANTAGES OF HYDRO-ELECTRIC DAMS 
To satisfy the increasing demand of electricity, the cheapest option for Ethiopia appears to be 
hydro-electric power, because of the presence of a large number of natural river basins in the 
country, i.e., Blue Nile, Awash, Ghibe-Omo, Baro-Akobo, Genale-Dawa River basins and 
others, which can be used as hydro-power resources. Through these sources, the energy supply 
of the country is secured. As a result, Ethiopia is also less dependent on the import of energy, 
protecting the country from global energy price fluctuations. 
The government of Ethiopia has also launched the Climate-Resilient Green Economy (CRGE) 
initiative to protect the country against the adverse effects of climate change and to build its 
green economy. Exploiting Ethiopia’s vast hydropower potential has been recommended for 
implementation of the CRGE initiative in Ethiopia. The CRGE foresees to develop up to 25,000 
MW of Ethiopia’s potential from hydro, geothermal and wind energy sources by 2030, of this, 
hydropower energy holds 88% (MOWE, 2012). 
Hydro-electric power also reinforces the national economy. The generated electricity can be 
exported leading to additional revenues that can be further invested in the development of the 
country. It is anticipated that on average 24,000 GWh will be exported annually to the 
neighbouring countries like Kenya, Sudan, Djibouti and Yemen between the years 2011 and 
2030 (MOWE, 2012). Hence, the energy export would become the largest source of foreign 
currency for Ethiopia (407 million USD/year). 
Besides the economic advantages, dams in Ethiopia can also contribute to improved irrigation 
systems and water regulation (Beyene, 2008). In this way, floods occurring due to overflow of 
river banks and rainfall storms during the wet season can be prevented and during the dry season 
water can be supplied where needed. Hence, consequences of extreme weather conditions can be 
tempered. Though hydropower is expected to be the main value of Ethiopian dams, several of the 
existing dams are multi-purpose (Table 6.1). Since Ethiopia’s agricultural system is not 
significantly benefiting from the technologies of water management and irrigation that could 
improve productivity and reduce vulnerability to climate variability, more dams are also under 
construction in different parts of the country to provide water for irrigation (Figure 6.5). Finally, 
the dam reservoir can also be used to install fish industries, thereby securing food supplies.     
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Figure 6.4 Map of Ethiopia showing the distribution of hydropower dams. 
 
 
Figure 6.5 Map of Ethiopia showing the distribution of dams for irrigation.  
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Table 6.1 Delivery of existing dams in Ethiopia. 
Dam Year 
Commissioned 
Capacity 
(MW) 
Power 
Production 
Irrigation Flood 
Control 
Domestic 
water supply 
Amerti Neshi 2011 97                     
Tana Beles 2010 460                     
Tis Abay I 1953 11.4               
Tis Abay II 2001 73               
Fincha 1973 128                     
Awash II 1966 32                           
Awash III 1971 32                           
Koka 1960 38.4                           
Kessem 2010                             
Awash IV Unknown                             
Melka Wakena 1988 153               
Tekeze I 2009 300               
Gilgel-Gibe I 2004 184               
Gilgel-Gibe II 2009 420               
Koga 2011                 
Tendaho 2010                             
(Source: Data compiled from MOWE official documents, 2012) 
 
6.5 DISADVANTAGES OF HYDRO-ELECTRIC DAMS       
The area affected by the negative consequences of dams exceeds the immediate surroundings of 
the dam reservoirs, touching the river shores and basins as a whole. In extreme cases, regional 
and even national problems can arise.  
We sequentially discuss a number of possible negative effects such as the increase of the 
incidence of vector-borne diseases and food insecurity. Although ecological consequences are 
not discussed in detail we notice that the presence of the dam changes the natural flow of the 
river and can negatively influence the existing ecology and biodiversity. Deforestation can lead 
to soil erosion and the disappearance of existing plant and animal species. 
6.5.1 Vector-borne diseases 
After dam constructions, and as discussed further, the prevalence and/or incidence of water-
borne diseases can increase (Lerer and Scudder, 1999, Erlanger et al, 2005; Keiser et al, 2005; 
Steinmann et al, 2006), because dams disturb the ecological equilibrium, possibly further 
influenced by canalization and the nearby presence of humans. 
Of all vector- borne diseases that may emerge or worsen after the introduction of dams, mostly 
malaria attracted the attention of researchers. Malaria is the leading cause of mortality and 
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morbidity in tropical and subtropical countries. There were an estimated 655,000 malaria deaths 
in 2010 of which 91% were in the African region and an estimated 216 million episodes of 
which 81% were in the African region (WHO, 2011). Ethiopia is one of the 43 most affected 
countries with respect to malarial infections. In about 75% of the land mass of Ethiopia, malaria 
transmission is possible, which means that about 68% of the population (i.e., 52 million people) 
are at risk (Yewhalaw et al, 2010). 
The construction of large dams in Ethiopia may directly contribute to the increase of vector 
populations (Kibret et al, 2009; D. Yewhalaw et al., unpublished data) by increasing surface 
water and humidity. In addition, during the construction work of dams, additional mosquito 
breeding grounds are created and hence enhance dam-induced malaria prevalence and/or 
incidence. A study by Yewhalaw et al. (2009) showed a higher Plasmodium vivax prevalence in 
communities living near the Gilgel-Gibe hydroelectric dam (Ethiopia) as compared to 
communities living further away. This study indicated that 43% of the malaria cases were the 
result of living near the dam. A similar study showed an increase in the number of malaria cases 
in the vicinity of the Koka dam (centeral Ethiopia) reservoir region (Lautze et al., 2007). There, 
the prevalence in the reservoir region (6.74 cases per 1000) was 2.3 times higher than 
communities that were 6-9 km from the reservoir (2.91 cases per 1000). This study also 
suggested three additional reasons for a prevalence increase: rising groundwater levels, creation 
of permanent lakes and the occurrence of water leakage in areas surrounding the dam reservoir. 
Hence, as dam reservoirs often increase the number of malaria cases in communities living near 
dam reservoirs, it is recommended for prevention and control programs to set up basic health 
care facilities for screening and treating cases, and to undertake periodic vector surveillance.  
Another important vector-borne disease that is repeatedly cited in several studies associated with 
dam constructions is schistosomiasis. Intermediate host species for schistosomiasis vary greatly 
in their morphology due to differences in habitat preference. It is mainly found in large tropical 
rivers and their deltas, but by setting up irrigation systems and dams, the habitat of the 
intermediate snail hosts increases. This can cause an increase in the prevalence of schistosoma 
parasites. 
In the study by Steinmann et al. (2006), the number of people in 2003 at potential risk of a 
schistosomiasis infection was estimated to be 779 million, of which 13.6% live in or near 
irrigation areas or large dams. The study also showed that globally the formation of large dam 
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reservoirs is followed by the introduction or increase of schistosomiasis among people living 
near the reservoirs. Dams form a dampening effect on the downstream water level fluctuations 
and the formation of dam reservoirs and irrigation systems creates a stable snail habitat. In the 
aforementioned study, the risk ratio of schistosomiasis due to the proximity of a specified dam 
reservoir in Africa was 2.5. 
So far, only few studies were conducted investigating the effect of micro-dams and irrigation 
schemes on the schistosomiasis prevalence in Ethiopia (Kloos, 1985; Birrie et al., 1997; 
Alemayehu et al., 1998). Simonsen et al. (1990) indicated that S. mansoni was introduced in the 
upper and middle Awash Valley in Ethiopia after the establishment of large-scale irrigation 
systems. Ghebreyesus et al. (2002) reported an annual S. mansoni incidence of 0.20 
infections/person in communities living near micro-dams built for irrigation, but the incidence 
was similar in all villages irrespective of their distance from the micro-dams. However, no 
studies had revealed the direct impact of large hydroelectric dams on the schistosomiasis 
prevalence in Ethiopia. N'Goran et al. (1997) examined the prevalence of S. haematobium and S. 
mansoni in areas nearby the reservoirs of two large dams in Côte d'Ivoire (Kossou and Taabo). 
The presence of S. haemotobium in Kossou increased in the reservoir region and was introduced 
in the reservoir region Taabo. Data for S. mansoni were only available for the Taabo dam, where 
the prevalence remained about the same. 
In Ethiopia, the number of people living in or moving to the immediate vicinity of major dam 
reservoirs may increase in the future. This requires more evaluations of the health consequences 
including the risk of schistosomiasis at different stages in future water resources development 
schemes and the implementation of appropriate measures to counteract negative influences.  
Lymphatic filariasis is caused by the parasite Wuchereria bancrofti. It can be transmitted by 
Aedes, Culex and Anopheles mosquitoes. Globally, the population at risk of a lymphatic 
filariasis infection is estimated at 2 billion. In Ethiopia, the population at risk is estimated to be 
3,534,000 (Erlanger et al., 2005). In urban areas, the prevalence increases through poor 
maintenance of sewage, rainwater and wastewater drainage. In rural areas, the construction of 
new dams and irrigation systems causes the formation of new breeding grounds for filariasis 
vectors. Changes to the environment can have an effect on vector frequencies and filariasis 
transmission. There are no studies yet that examined the association of the disease with large 
dams in Ethiopia.  
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6.5.2 Food insecurity 
Tefera and Sterk (2010) reported that the creation of the Fincha hydropower dam reservoir 
(western Ethiopia) resulted in a reorganization of land use, with new land being transformed into 
arable land. The available permanent pasture decreased sharply, leading not only to erosion but 
to a decrease in livestock as well. Farmers who used steep slope agricultural land often had poor 
harvests. Indeed, by removing vegetation the surface absorbs less water. The occurring erosion 
of the upper soil layers leads to a less fertile soil. The consequent excessive use of fertilizers can 
lead to further eutrophication of dam reservoir. 
Dam building disrupts the traditional ways of food management (agriculture and livestock) and 
fisheries (Maingi and Marsh, 2002). It also leads to an interruption of upstream fish migration 
and downstream the decline of water quantity leads to the disappearance of seasonal water level 
fluctuations. This can all lead to the extinction of certain fish species (Craig et al., unpublished). 
Since fishing is of great importance for those living in the catchment area, this can lead to food 
insecurity. 
6.5.3 Eutrophication 
Eutrophication was demonstrated by Devi et al. (2008) in the Gilgel-Gibe hydropower dam 
reservoir (southwestern Ethiopia) by the presence of water pollution with increased nitrogen and 
phosphorus concentrations. These might have come from fertilizers, decomposition of organic 
material (erosion and/or sedimentation) and detergents that are found in wastewater. This can 
lead to complete eutrophication of the dam reservoir leading to loss of aquatic biodiversity. This 
compromises the ecological integrity of surface water and can lead to the extinction of some fish 
species. The abundant growth of toxic cyanobacteria may also occur in extreme situations. A 
decrease in dissolved oxygen levels in water can promote the growth of pathogenic anaerobic 
bacteria such as Clostridium botulinum (Nyenje et al., 2010). 
6.5.4 Water and soil quality 
Dam constructions can directly contribute to a decrease in water and soil quality, including the 
already mentioned processes of eutrophication, erosion and sedimentation. Dams also result in a 
reduction of the natural river flow and downstream areas may be subjected to longer periods of 
drought. The result is an accumulation of high ion concentrations through which the water 
becomes alkaline and salt concentrations increase (Tooth and McCarthy, 2007). 
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Salinization may in turn lead to changes in the chemical composition of the water and increase 
the total dissolved solids (TDS) and conductivity (Barnes et al., 2002; Shanyengana et al., 2004; 
Singh et al., 2008). Change of river flow can lead to ecological degradation and loss of aquatic 
bio-diversity and a strong reduction of the water and soil quality. This may directly impact food 
insecurity. 
The environmental degradation was illustrated in a study by Stave et al. (2005). Here, the impact 
of the Kenyan Turkwel Gorge Dam on the vegetation composition in downstream forests was 
examined. Downstream forests are affected by the level of drought, the salinity and the electrical 
conductivity of the soil. The latter study showed that both a lateral and a longitudinal vegetation 
gradient can occur through a decrease in the mean and maximum river flow. The vegetation 
changes and degradation can then have an impact on organisms depending on specific 
vegetation. 
6.5.5 Seismicity 
Dam reservoirs can also bring about an increase in seismicity (Lerer and Scudder, 1999). This 
can lead to the creation of earthquakes, a concept which is not yet fully understood. The 
significance or even the existence of this reservoir induced seismicity is not always accepted 
(Simpson, 1986). The largest reported dam induced earthquake is the one induced by the Koyna 
reservoir in India in 1967, a relatively small dam. There is thus a risk that increased seismicity 
can go together with building the large dam reservoirs of Ethiopia. Yet, no studies reported the 
problem in Ethiopia until now.  
6.5.6 Sustainability of dams      
In this Section we discuss a number of aspects that are interlinked with dams and may influence 
the sustainability of the dam itself. The congestion of dam reservoirs can reduce the electricity 
production and life expectancy of the dam and an increase in maintenance costs. Haregeweyn et 
al. (2006) showed that half of the investigated small irrigation dams in northern Ethiopia 
(Tigray) have faced extreme sedimentation, affecting their economic life span. The Bokena and 
Adrako dams (Ethiopia) were closed already before the construction works completion. Several 
reasons were cited for the sedimentation, such as the failure to safeguard a buffer zone, an 
incorrect assessment of the potential consequences of sedimentation during construction works 
or an inadequate maintenance of the subsurface of the basin. 
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A study by Devi et al. (2008) showed that if no action is taken, the reservoir of the Gilgel-Gibe 
dam in southwestern Ethiopia would be silted up completely within 24 years. Sedimentation can 
be caused by the use of poor farming techniques, deforestation, overgrazing, Dam-recession 
agriculture, and the failure to take protective measures and establish/protect buffer zones. 
Erosion in the catchment leads to 4.47 x 107 tons /year of sediment and the total amount of 
sediment in the reservoir was estimated to be 4.50 x 107 tons/year. The rest is supplied by the 
Gilgel-Gibe River itself. Tefera and Sterk (2010) found that by creating the Fincha dam reservoir 
(Western Ethiopia), large areas were put under water with the migration of families into higher 
and steeper areas as a consequence. These areas were then used as agricultural land so that the 
surface came to be susceptible to erosion. Because of this and partly because of the river 
sediment, the sedimentation in the reservoir increased. This led to a reduction of the dam’s 
function. The Koka dam is another example of a large Ethiopian dam heavily affected by 
sedimentation due to soil degradation. In 23 years time it already accumulated 3.5 million m³ of 
sludge (Gizaw et al., 2004).  
6.5.7 Unpredictability of electricity production by dams 
The large dependence on hydro-electric energy brings about certain disadvantages. The energy 
production is sensitive to climatic and environmental changes. Especially the industrial and 
service sectors experience the effects, as they are directly dependent on energy production. 
Because of physical and anthropogenic factors, extreme weather conditions, such as droughts 
and floods occur more frequently in Ethiopia (Haile, 1988; Wube, 1999). Climatic fluctuations 
create a variable and unpredictable energy production, e.g., periods with little rainfall and 
drought lead to decreased energy production.  
In the 20th century, the African continent was warming up at the rate of 0.5°C per century. In 
East Africa, the rainfall remained quite stable. Hulme et al. (2001) investigated climatic change 
in Africa in the 21st century. They analysed a few climatic scenarios and came to the conclusion 
that Africa will warm up further in the 21st century with a speed between 0.2°C and 0.5°C per 
decade. The forecasts for rainfall are far less consistent. The mean of the different models predict 
a more humid climate for East Africa in the 21st century. Abdo et al. (2009) applied these models 
to the Gilgel Abay river basin in Ethiopia, showing that the minimum temperature will increase 
with 1°C by 2020 and between 1.7 and 2.2°C by 2050. In 2080 the temperature will rise 
substantially, with minimum temperatures increasing up to 2.7-3.7°C (Figure 6.6A). Although 
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rainfall is difficult to predict as well, the latter study estimated that the rainfall will be about the 
same as the 21st century (Figure 6.6B). The increasing temperatures will also involve more 
evaporation, being more pronounced in 2080 compared to 2020. The amount of water not 
absorbed by the surface will in the year 2080 show an annual decrease of 2.6 to 2.9% and in the 
rainy seasons from 10.1 to 11.6%. These observations make the energy production from 
hydroelectric dams in the 21st century somewhat uncertain. 
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B 
 
 
 
 
 
 B 
 
 
Figure 6.6 Forecast of climate changes for 2020, 2050 and 2080 in Bahir Dar, Ethiopia. Graph A 
shows the monthly minimum temperature and Graph B the average monthly rainfall (Source: 
Abdo et al., 2009). 
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CONCLUSION 
Ethiopia has a large potential for power generation (45, 000 MW or 225,000 GWh/year) that can 
be produced by hydroelectric dams. Of this potential, only 3% is currently used. These 
hydroelectric dams probably provide the cheapest option for Ethiopia to meet the increased 
demand for electricity for the growing industry. It strengthens its economy and makes Ethiopia 
less dependent on energy imports. Dams can also contribute to the creation of improved 
irrigation systems and provide better water regulation. The dependence of Ethiopia on 
hydroelectric dams ensures that energy is very sensitive to climate and environmental changes. 
These dams may also directly affect the environment, the ecology, biodiversity and stream 
modification. The presence of large hydroelectric dams can also cause: food insecurity, 
eutrophication and poor soil and water quality. By disruption of the existing balance, the 
prevalence and/or incidence of vector-borne infectious diseases such as malaria, schistosomiasis 
and lymphatic filariasis may increase. But the building of a dam could also be seen as an 
opportunity and has areal benefit. Dams have made important and significant contribution to 
human development and the benefits derived from them have been considerable (WCD, 2000). 
Hence, to address the issues of sustainability of the Ethiopian dams and to mitigate their negative 
effects on food security, the environment and vector-borne diseases, sound surveillance and 
monitoring strategies and planning should be developed and put in place during the construction, 
operational and post-operational phases to avert or mitigate their risks and impacts. 
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Chapter 7 
 
 
 
 
 
 
 
General Discussion and Summary 
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7.1 GENERAL DISCUSSION 
Malaria is a major contributor to the global disease burden and a significant impediment to 
socio-economic development in resource-poor countries. In contrast to a retrogressive trend of 
malaria morbidity and mortality in some parts of the world, malaria burden has been increasing 
in many other regions because of factors such as deteriorating health systems, growing drug and 
insecticide resistance, failure of water management, climate change, as well as socio-economic 
and land use pattern factors (WHO, 2009). The key elements in a global malaria control strategy 
include: early diagnosis and prompt treatment, planning and implementation of selective and 
sustainable preventive measures including vector control and early detection and prevention of 
epidemics (WHO, 1993). The malaria control strategy, adopted by the Ministerial Conference on 
Malaria held in Amsterdam in 1992 is to reduce illness, prevent death and decrease social and 
economic losses due to malaria (WHO, 1994). Ongoing malaria vector control strategies rely 
mainly on the use of indoor residual spraying (IRS) and insecticide treated nets (ITNs) (WHO, 
2010). Indoor residual spraying and LLINs are the two primary intervention strategies not only 
because they are powerful, but also because they are durable (with a long period of effectiveness) 
and robust (effective despite imperfect conditions and coverage) (WHO, 2011a). ITNs are 
considered as one of the most important methods for achieving the Millennium Development 
Goals 6 (i.e., reduce diseases such as malaria) and 4 (i.e., reduce child mortality) by 2015 (UN, 
2007).  
The current success of the aforementioned strategies in reducing malaria contributed to the 
optimism that elimination of the disease as a public health problem may be a realistic objective 
(Tatem et al., 2010). International efforts during the last few years enabled access to 289 million 
ITNs in sub-Saharan Africa covering 76% of the 765 million people at risk of malaria. The 
number of countries that employed IRS as a vector control strategy increased almost by two fold 
in 2009 (WHO, 2010) and the percentage of households owing at least one ITN in sub-Saharan 
Africa is estimated to increase from 3% in 2000 to 50% in 2011 (WHO, 2011a). ITNs are mainly 
dependent on pyrethroids whereas IRS is dependent both on pyrethroids and DDT.  
7.1.1 Insecticide resistance status and characterization of mechanisms conferring resistance 
in populations of An. arabiensis from Ethiopia 
Despite reports demonstrating the efficacy of both ITNs and IRS for curbing malaria incidence 
(Curtis and Mnzanva, 2000; Guyatt et al., 2002), insecticide resistance in malaria vectors 
133 
threatens the success of malaria vector control programs in sub-Saharan Africa (Hargreaves et 
al., 2000; N’Guessan et al., 2007). If current trends continue, insecticide resistance may 
compromise control as it did in the last era of malaria eradication in the 1950’s and 60’s (Kelly-
Hope et al., 2008). Given the limited number of available insecticides, i.e., only 12 insecticides 
belonging to 4 classes of insecticides (pyrethroids, organophosphates, carbamates and 
organochlorine) for IRS, and only one insecticide class (pyrethroids) for ITNs (Zaim et al., 2000; 
Najera and Zaim, 2001; WHO, 2006), the resistance related to these insecticides has become a 
limiting factor for malaria vector control. Currently, no other insecticide class with similar 
efficiency is available.   
Resistance to insecticides has appeared in most arthropod vectors. In 1975, WHO already 
reported that DDT resistance was undermining malaria vector control efforts (Hemingway and 
Ranson, 2000). The controversy around the use of DDT shifted the attention to the use of 
pyrethroids which are considered to be less toxic to humans and other non-target organisms 
(Taverne, 1999; Bouwman, 2000). Moreover, pyrethroids also display better exito-repellent 
properties and faster killing effects than organochlorines, organophosphates and carbamates 
(Hemingway and Ranson, 2000). Unfortunately, resistance to pyrethroids has emerged spreading 
rapidly and constituting a serious threat to malaria control initiatives (Hemingway et al., 2002; 
Etang et al., 2004; WHO 2005a). 
Successful malaria control programs depend on a preliminary assessment of the species 
abundance and distribution of potential vectors, as well as on the presence of insecticide 
resistance in the local mosquito population. Even more, continuous resistance monitoring is 
essential (Kelly-Hope et al., 2008). Current information on susceptibility/ resistance status of the 
principal malaria vector, An. arabiensis is scarce in Ethiopia. Genes conferring resistance to 
malaria vectors, including the well-characterized kdr mutations (Martinez-Torres et al., 1998; 
Ranson et al., 2000), had not been characterized until now in the Ethiopian populations of 
An. arabiensis. Therefore, we investigated the susceptibility status of An. arabiensis populations, 
collected from different localities around the Gilgel Gibe dam in Ethiopia to organochlorine 
(DDT) and pyrethroids (permethrin and deltamethrin) and characterized knockdown (kdr) 
mutations (Chapter 1). The bioassay results obtained by using WHO diagnostic tests (WHO, 
1998) showed high levels of resistance in An. arabiensis to DDT, permethrin and deltamethrin. 
The DDT resistance is consistent with previous reports from other areas in the country. However, 
134 
resistance in An. arabiensis to pyrethroids (permethrin and deltamethrin) was not reported yet in 
Ethiopia (WHO, 2005b; Coleman et al., 2006). Voltage-gated sodium channels in the mosquitoes 
are the target for both DDT and pyrethroid insecticides (Liu et al., 2006). These insecticides alter 
the function of the sodium channels in nerve membranes thereby killing the mosquito. The 
reduced sensitivity of the sodium channel to DDT and pyrethroids is expressed as “knockdown” 
or kdr resistance (Soderlund and Knipple, 2003).  
Since there have been no reports of the presence of any mutation(s) associated with 
DDT/pyrethroid resistance in the Ethiopian An. arabiensis, we genotyped individual mosquitoes 
for kdr and sequenced the transmembrane segment of the sodium channel gene for any kdr-type 
mutation(s) that may be associated with DDT/pyrethroid resistance by allele-specific polymerase 
chain reaction (AS-PCR) (Martinez-Torres et al., 1998; Ranson et al., 2000; Verhaeghen et al., 
2006). Of the total 240 An. arabiensis specimens screened, we observed no East African kdr 
mutation whereas the allele frequency of West African kdr mutation was greater than 98%. This 
mutation was present in mosquito specimens from all 15 localities (Chapter 1). The absence of 
the East African kdr mutation and the occurrence of the West African kdr mutation with high 
allele frequency in An. arabiensis from Ethiopia make the spatial distribution of the two 
mutations within the An. gambiae complex in Africa less clear. The West African kdr mutation 
had been reported in pyrethroid resistant populations of An. arabiensis in different African 
countries (Diabate et al., 2004; Kulkarni et al., 2006; Verhaeghen et al., 2006; Matambo et al., 
2007; Abdalla et al., 2008). Nevertheless, our data present the highest kdr allele frequency ever 
recorded in this mosquito species. Recently, the East African kdr mutation was also found in An. 
arabiensis in Benin, West Africa (Djegbe et al., 2011). Inspired by the results discussed in 
Chapter 1, we further assessed the susceptibility status of An. arabiensis populations from the 
same localities in Ethiopia to organophosphates (malathion) and carbamates (propoxur) and 
investigated other resistance mechanisms. Results of this study showed that field populations of 
An. arabiensis were resistant to DDT and pyrethroids (perimethrin & deltamethrin) and also to 
organophosphate (malathion) relative to an An. arabiensis control population from Nazareth, 
Central Ethiopia, which had not been exposed to any insecticide class and had been maintained 
under laboratory conditions for over 30 years. However, mosquitoes were highly susceptible to 
carbamate (propoxur). With the laboratory strain of An. arabiensis, high mortality rates (100%) 
were recorded for all five insecticides. The occurrence of DDT and malathion resistance in An. 
arabiensis is not surprising, given the long history of the use of these insecticides in IRS in 
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Ethiopia. Ethiopia used 11.3% of the global use of DDT for indoor residual spraying for the 
period 2000-2009 only, which makes the country second to India in the global use of DDT (Van 
den Berg et al., 2012). The presence of kdr mutation at high frequency (Chapter 1 & 2) suggests 
cross-resistance of An. arabiensis to pyrethroids and DDT (Corbel et al., 2007). Our data do not 
support the evidence for the presence of an association between the kdr genotype and a 
resistance phenotype in mosquito specimens. As we discussed in Chapter 2, the occurrence of 
resistant alleles in both dead and survived specimens and the fact that bioassay non-survivors to 
DDT and pyrethroids were found with homozygous resistant alleles makes the role of the kdr 
mutation in conferring complete resistance in this mosquito species unclear and underlines the 
need to further investigate the role of kdr in conferring resistance. No altered acetylcholinestrase 
mutation (G119S) was detected in survived mosquitoes exposed to malathion and propoxur 
which strongly indicates the absence of carbamate (propoxur)/organophosphate (malathion) 
cross-resistance. Carbamate and organophosphate insecticides target acetylcholinesterase 
(AChE) (Hemingway, 1989). Since no cross-resistance has been detected between carbamates 
and organophosphates, the high survival rates observed with malathion in this mosquito 
population may be explained by the presence of detoxifying enzymes (Corbel et al., 2007). The 
existence of different resistance mechanisms in this mosquito population is likely to complicate 
the vector control program in Ethiopia. The high susceptibility of populations of An. arabiensis 
to carbamates (propoxur) is an opportunity but a limited option for the national malaria control 
program of Ethiopia (NMCP) to consider carbamate insecticides in malaria vector control 
interventions. Indeed, following published reports (Yewhalaw et al., 2011; Yewhalaw et al., 
2010; Balkew et al., 2010), Ethiopia introduced carbamates (bendiocarb) for IRS in 2011 (PMI, 
2011). 
7.1.2 Agricultural and public health use of insecticides and resistance selection 
Most agricultural pesticides are toxic to arthropod vectors. Mosquitoes have frequently been 
found breeding in agricultural habitats where they are exposed to pesticides used in agriculture. 
More than 90% of all insecticides produced for agricultural purposes are reported to impact on 
malaria vector control programs. All currently recommended insecticides for IRS or ITNs were 
initially developed for their use in agriculture and have been used more often as agrochemicals 
than for public health purposes (Zaim and Guillet, 2002). Insecticide resistance has been reported 
in 17 species of mosquitoes (Georghiou, 1990) and the widespread use of pesticides for 
agricultural purposes is often believed to have favoured the emergence and spread of insecticide 
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resistance within and between mosquito populations (Pennila et al., 1998; Chandre et al., 1999; 
Brooke et al., 2001; Guillet et al., 2001; Diabate et al., 2002; Fanello et al., 2003; Akogbeto et 
al., 2008). Some studies also reported that high resistance levels against pyrethroids and DDT 
were associated with a high frequency of kdr mutations in An. gambiae populations as a result of 
nearby cotton fields (Diabate et al., 2004; Tripet et al., 2007). Chouaibou et al. (2008) 
demonstrated that in a cotton growing area in Cameroon, temporal variations in the susceptibility 
of An. gambiae s.l populations were associated with the agricultural and public health related use 
of insecticides. In this study, the susceptibility of mosquitoes to DDT and pyrethroids was high 
before the onset of cotton treatment with insecticides in both cotton growing and cotton-free 
areas. However, during the cotton treatment season, the susceptibility of mosquitoes to DDT and 
pyrethroids remained high in cotton free area but in the cotton growing area the susceptibility 
became low.  
Despite many published reports on resistance selection pressure from agrochemicals in malaria 
vectors, the role of agricultural and public health use of insecticides and their specific 
contribution to the evolution of resistance in disease vectors is debatable and an open question. 
Therefore, we evaluated the role of agriculture and public health use of insecticides in the 
resistance selection in the Ethiopian An. arabiensis populations. We investigated DDT residues 
in soil samples collected from inside houses of villages with and without a history of DDT use 
for IRS and the environment/crop fields. We found no DDT residues in soil samples collected 
from the crop lands in villages with and without a history of DDT use for IRS. However, DDT 
residues were detected in soil samples collected within houses in villages with a history of DDT 
use for IRS (Chapter 4). Our data support the hypothesis that selection of DDT resistance in 
malaria vectors is especially due to the long standing and intensive use of DDT (Lines 1988; 
Protopopoff et al., 2008) and deltamethrin (Hargreaves et al., 2000) in IRS programs. 
Development of resistance in mosquito populations was also associated with the use of 
ITNs/LLINs (Vulule et al., 1994; John et al., 2008). Our findings further suggest that a careful 
monitoring of the public health use of insecticides in malaria vectors is needed as part of an 
insecticide resistance management strategy and to better foresee future selection pressure.  
7.1.3 Impact of the Gilgel-Gibe hydropower dam on malaria  
In future, the malaria burden could strongly be influenced by the aforesaid development of 
resistance against insecticides, hampering on-going control efforts. In addition, Ethiopia is 
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currently embracing the economic benefits of creating “clean energy” by developing hydro-
electric dams (MOWE, 2012). These dams may provide an additional impulse to the mosquito 
populations. This study was developed against the background of a hydroelectric dam in the 
South-West of Ethiopia. 
Anthropogenic factors can have major impacts on ecosystem functioning and stability. The 
creation of large water reservoirs due to damming rivers can have a key impact on the natural 
environment. Environmental changes and social disruption resulting from large dams and 
associated infrastructural developments can have a significant effect on health outcomes in local 
populations and down stream communities. The abundances of numerous vector-borne diseases 
are indeed associated with reservoir developments in tropical areas. Such reservoirs and 
irrigation projects alter the local ecology and habitats in disease endemic areas and result in 
profound effects on the survival, density, and distribution of disease vectors and parasites. Thus, 
the altered vector/parasite ecology modifies the transmission of vector-borne diseases and the 
local disease incidence and prevalence (Patz, 2000; Norris, 2004; Poff et al., 2007). 
There are about 45,000 dams in the world (WCD, 2000) and 60% of the world’s large river 
systems are impacted by dams (Nilsson et al., 2005). Globally, about 18.9 million people live 
nearby large dams and are at risk of malaria. Indeed, the malaria transmitting mosquitoes are 
associated with the dam reservoirs. In Africa, where there is heavy burden from malaria 
infection, the number of humans living near large dams is estimated to be 9.4 million (Van der 
Hoek, 2006). 
Due to the increase of hydroelectric dams (Chapter 5) and the absence of documented data on the 
effects of such large hydropower dams on malaria in Ethiopia, we assessed the possible effects of 
the Gilgel-Gibe hydropower dam in southwestern Ethiopia on malaria prevalence among 
children below 10 years of age and its relation to the distance from the dam reservoir shore. 
Children who lived in villages within 3 km from the dam reservoir shore were more likely to 
have Plasmodium vivax infection than children in villages 5-8 km away from the dam reservoir 
shore but no significant difference was observed between the two groups of children for P. 
falciparum infections. The reason for the differing dam effect on the prevalence of the two 
Plasmodia species was not apparent. In order to avoid bias in these results, we ensured that the 
villages close and further away from the dam were comparable in all possible aspects such as 
eco-topography, ITNs distribution, cropping system except distance from the dam. As an 
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additional control, we compared the knowledge, perceptions and health seeking behaviour of the 
mothers or the guardians of the children in the two groups of villages to explore whether there 
was a difference in knowledge, perceptions and health seeking behaviour towards childhood 
malaria (see Chapter 4). Mothers’ knowledge, perceptions and health seeking behaviour towards 
malaria is critical in responding to signs of the disease. In contrast, misconceptions of mothers on 
malaria transmission and treatment can affect malaria control (Tarimo et al., 2000; Sanjana et al; 
2006). A difference of behavioural aspects between the two groups may have brought about a 
bias. As we discussed in Chapter 4, the difference between mothers or caregivers from the two 
groups of villages with respect to knowledge, perceptions and health seeking behaviour was 
minimal. We suggest that health education related to malaria should be planned and implemented 
irrespective of the distance to the dam, to improve knowledge, perceptions and health seeking 
behaviour of mothers or caregivers of children in both groups of villages. To confirm our 
original hypothesis on the impact of dams on malaria (Chapter 3), we consequently planned to 
monitor children from the two groups of villages longitudinally for P. falciparum infection. The 
results of this study will become available in future and reporting is forthcoming.  
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7.2 SUMMARY 
The study on insecticide resistance illustrates that An. arabiensis populations from parts of 
Ethiopia are resistant to three-quarters of the insecticide families recommended for malaria 
vector control. Mosquitoes in our study area were resistance to organochlorine (DDT), 
pyrethroids (permethrin & deltamethrin) and organophosphates (malathion). In Ethiopia, DDT 
has been extensively used in IRS in alternation with malathion for over five decades. ITNs use 
started in 1997 and scaled up since 2005 with the aim of obtaining a high coverage towards an 
upgraded malaria control. Besides, in 2009 Ethiopia reported using pyrethroids (deltamethrin) 
for indoor residual spraying against malaria control (WHO, 2011a). The prolonged use of DDT 
and malathion, the high coverage of ITNs/LLINs and the recent use of pyrethroids for indoor 
residual spraying are likely to have enhanced the selection pressure for insecticide resistance in 
An. arabiensis from Ethiopia. The increasing trend in pyrethroids use for indoor residual 
spraying may not be consistent with the need to preserve the effectiveness of LLINs (WHO, 
2011b). Trape et al. (2011) also reported that LLINs may result resistance to insecticides in 
mosquitoes and the increased pyrethroid resistance of An. gambiae caused the rebound of 
malaria morbidity in Senegal. In 2011, Ethiopia switched from pyrethroids (deltamethrin) to 
carbamates (bendiocarb) for IRS because of resistance reported to other classes of insecticides 
(Van den Berg et al., 2012). The carbamate class is now the only class of insecticides to which 
the principal malaria vector is susceptible. Unfortunately, evidence of resistance to carbamates 
(bendocarb) has also emerged in Afro-tropical malaria vectors (Hunt et al., 2011; WHO, 2011a; 
Hunt et al., 2010; Ranson et al., 2009; Vezenegho et al., 2009). 
The study at hand provides critical information on mechanisms conferring resistance to a major 
malaria vector in Ethiopia. We report here for the first time the existence of kdr mutation, i.e., 
the mechanism which confers cross-resistance to pyrethroids and DDT in An. arabiensis 
populations from Ethiopia with the resistant allele being highly spread among the mosquito 
population. Our data (D. Yewhalaw et al., unpublished) also suggests the presence of other non-
specific detoxifying enzymes in this mosquito population making future malaria vector control in 
Ethiopia potentially difficult. The observed multiple-resistance coupled with the presence of kdr 
alleles with high frequency could severely affect malaria vector control programs in Ethiopia. 
This requires an urgent call for implementing a rational insecticide resistance management 
(IRM) strategy. The global plan for insecticide resistance management (GPIRM) in malaria 
vectors suggests that all vector control program should have a resistance management strategy to 
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be implemented pre-emptively without waiting for the appearance of resistance or for evidence 
of control failure. In areas where genes have already spread, immediate implementation of new 
vector control strategies is required to preserve the effectiveness of vector control (WHO, 
2011a). The options include using insecticides with different modes of action in rotation, as 
mixed formulations or in mosaic patterns (IRAC, 2011). Integrated vector control interventions 
should also be considered by the NMCP of Ethiopia as our data suggest the occurrence of 
multiple-resistance mechanisms. An integrated vector management offers a long-term approach 
to reduce selection pressure for insecticide resistance, to insure the judicious use of insecticides 
and to achieve stronger impact (Van den Berg et al., 2012; WHO, 2012). 
As discussed in chapter 5, hydropower dams provide the cheapest option to meet the increased 
demand for electricity. Adverse health effects due to environmental changes brought about with 
the construction of such dams have often been voiced out. The findings of our study indicate that 
children living close to the dam reservoir shore are at higher risk of malaria infection compared 
to those living farther away. To avert or mitigate the negative health effects of such water 
resource schemes, i.e., dams in Ethiopia, sound surveillance and monitoring policies including 
periodic surveys of potential vectors and periodic medical screening and treatment of cases, 
should be an integral part of the construction, operational and post-operational phases of dams.      
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7.3 FUTURE RESEARCH PERSPECTIVES 
This thesis contributes to a better understanding of the current level of resistance of the Ethiopian 
An. arabiensis to insecticides that are recommended for malaria vector control and unravels the 
resistance mechanisms involved. This information can support Ethiopia in making evidence-
based decisions on the best intervention.  
The role of kdr mutation in the resistance phenotype and the presence of other kdr-type 
mutations such as the super-kdr mutation and metabolic resistance (detoxifying enzymes) remain 
unclear and require further studies. The super-kdr mutations are usually found in combination 
with the kdr mutation (Soderlund and Knipple, 2003) and are reported to result in higher 
resistance levels than kdr for other insect species. The existence of more than twenty different 
sodium channel mutations have been identified in different resistant arthropods (Hemingway et 
al., 2004; Liu et al., 2006) that further complicate projections to the future. The success of 
resistance management depends largely on the knowledge of the fitness cost of the resistant 
genes. If resistance has a fitness cost in the absence of the insecticide, it is believed that gene 
flow will slow down the spread of resistance. In future, the possible fitness cost associated with 
insecticide resistance in the Ethiopian An. arabiensis requires further investigation. An 
insecticide resistance map may need to be developed across the country in the future. The 
populations of An. arabiensis from Ethiopia also showed highly zoophylic/endophilic behaviour 
(D. Yewhalaw et al., unpublished). Hence, the effect of zooprophylaxis in the control of this 
major malaria vector should be further explored.  
Additionally, in this study, the impact of water resource development schemes (dams) on malaria 
has been investigated. The most important shortcoming of this study is the lack of malaria data 
before and during the construction of the dam. Such information would elucidate the impact of a 
specific dam on malaria more clearly. The majority of studies evaluating the impact of water 
resource development schemes on vector-borne diseases had been done during operational or 
post-operational phases, and baseline information, i.e., during the pre-operational and early-
operational phases of water resource development schemes, is often lacking. Hence, when 
planning future hydropower dams in Ethiopia and elsewhere, it would be beneficial to have 
baseline information on vector-borne diseases during the pre-operational phase and then monitor 
the evolution during the operational and post-operational phases in order to quantify the 
attributable fraction of vector-borne disease burden due to the water resource development 
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schemes. Such data have been collected in a new study in Ethiopia where a new dam, the Gibe 
III hydropower dam, will be constructed. The evolution of malaria will be followed up further in 
time, enabling to quantify the immediate effect of the dam on malaria incidence.      
Finally, our interactions with international groups such as the Malaria Atlas Project (MAP) 
indicate that data that quantify the burden of malaria across Ethiopia are deficient. Maps of 
malaria prevalence and the vector distribution and abundance, are important tools in assessing 
the importance of the disease and in guiding the efforts in diminishing and/or eradicating the 
malaria burden. To this effect, we explored potential larval breeding habitats (including the dam 
reservoir) of An. arabiensis in the study setting and assessed the physico-chemical and biological 
characteristics of the different larval habitats. The spatio-temporal distribution of the different 
Anopheline mosquito species was also assessed (D. Yewhalaw et al., unpublished). Such 
baseline information is important to support decision-making in local-specific vector control 
efforts. Moreover, such information contributes to development of evidence-based malaria 
control intervention strategies in the country at large. Therefore, the assessment of the spatio-
temporal distribution of the vectors and the study of the vector species behaviour shall be an 
integral part of entomological monitoring and surveillance systems for effective malaria control 
in order to move towards the ambitious national target of malaria elimination. 
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Annex 1 
Semi-structured interview schedule for collecting data from caregivers of under 10 
children living near Gilgel-Gibe hydropower dam, southwestern Ethiopia. 
This questionnaire is prepared in order to understand the knowledge, attitude and practice of the 
caregivers of under 10 children living in the two groups (‘At-risk’ & ‘Control’) of villages 
towards malaria, its modes of transmission, prevention and control in the study sites. The 
outcome of the study is believed to contribute in an effort for reducing childhood malarial 
infection in your surroundings. Therefore, you are kindly requested to co-operate in answering 
the following questions. 
1. Identification 
Region_______________ District____________ Village____________ 
House No___________________ 
Name of respondent________________ Age____________________ 
Sex: Male_________ Female____________ 
Number of under 10 children___________ 
Number of years lived in the village__________ 
Relationship with the child_________________ 
2. Demographic characteristics of caregivers 
Marital status:  Single____ Married____ Widowed______ Divorced_______ 
Educational status: Illiterate_____  Read & write_____  Grade 1-6____  Grade 7-10____ 
Grade 11-12_____ Grade12+______ 
Occupational status: Farmer______ House wife ______  Business man______ 
Day laborer______ Civil servant ______ Other________ 
Religion: Orthodox________ Muslim_______ Catholic______ Protestant______ 
Other______ 
Ethnicity: Oromo_______ Amahara_______  Dawro_______ Kafa______ Yem____ 
Gurage_____ Tigre______ Others_____ 
3. Type of house (roof) 
Thatched_______ Corrugated iron sheet_________ 
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4. What are the most common childhood diseases in your village? 
Malaria______ Measles _____ Helminthic infection_____  HIV/AIDS _____ 
Diphtheria_____ Cough _____ Polio______ Whooping cough____ Others_____ 
5. Is there a child in your family with a malaria episode in the past two weeks? 
Yes____ No______ 
6. Did the child receive any treatment? 
Yes___ No______ 
7.  What first action did you take in the event of malaria episode? 
Took the child to health services______ Treat with anti-malarials at home______  
Treat with herbs at home_______ Other______ 
8. What are the signs and symptoms of malaria? 
Shivering_____ Rheumatic pain_____ Fever_____ Chills_____ Vomiting______ 
Diarrhea____ Thirsty______ Poor appetite_____ Headache_____ Yellowish eye_____ 
Cough____ Weakness_____ Loss of Consciousness______ Convulsion______  
Change of skin color_______ Others______ Don’t know_____ 
9. Did you give anti-malarial remedies to your child? 
Yes_____ No____ 
10. What type of anti-malarial was given to the child? 
Coartem_____  Chloroquine_____ Fansidar______ Quinine______ Don’t know_____ 
11. Did the child finish the dose? 
Yes______ No_______ 
12. If your child was not treated, what are the reasons for absence of treatment? 
Lack of money______ Health facility very far________ Child not seriously ill_____ 
Others_____ 
13. What do you think are the main causes of malaria? 
Mosquito bite______ Exposure to sun_____ Eating contaminated food______  
Bad spirit_____ Dirty and stagnant water_____ Too much work______  
God punishment _____Body contact with malaria patients_______ Don’t know_____ 
14. What are the modes of malaria transmission? 
Mosquito bite_______ Body contact with patients_______ Via respiratory route_______ 
Sharing utensils with patients______ Breast milk_______ Don’t know_____ 
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15. What is/are the main malaria transmission season(s)? 
September to November_____ December to February_____ March to April_____ 
June to August______ Always______ 
16. What is the usual mosquito biting time? 
Day_____ Night_____ Any time_______ Don’t know______ 
17. What is the common mosquito breeding site? 
Stagnant water_____ Running water_____ Others______ Don’t know______ 
18. Is malaria preventable? 
Yes______ No_______ Don’t know______ 
19. What do you think are the preventive methods of malaria? 
Mosquito net use_____ Repellant/smoking______ House spraying______ 
Anti-malarial drugs_____ Eliminating breeding sites______ Herbal preparation______ 
Don’t know________ 
20. Is malaria treatable? 
Yes______ No_____ Don’t know______ 
21. What do you do when your child has malaria? 
Take to public health service______ Take to private health service______ 
Self treat with herbs at home_____ Self treat with modern medicine at home_____ 
Take to traditional healer______ Nothing_______ 
 
 
_______________///_______________ 
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